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Hydrogen is a versatile resource with critical roles in decarbonization, industrial manufacturing, and
energy integration. However, most hydrogen today is produced from fossil fuels, resulting in high
emissions and energy consumption. Although low-carbon hydrogen production methods, such as steam
methane reforming with carbon capture and renewable-powered electrolysis, are advancing, their high
costs hinder large-scale deployment. Identifying alternative pathways for producing low-cost, low-
emission hydrogen is therefore essential. Geologic hydrogen, referring to natural and stimulated
hydrogen generated in the Earth’s subsurface, has attracted growing attention as a potential source of
sustainable, economically viable, and environmentally favorable hydrogen. This paper provides a
comprehensive review of geologic hydrogen, covering its resource potential, origins, migration and
trapping mechanisms, exploration techniques, production strategies, and pipeline transportation. It also
identifies key knowledge gaps and proposes a roadmap for future research. The review indicates that
geologic hydrogen has vast resource potential and can leverage existing subsurface technologies and

Received 26th May 2025, geophysical exploration methods. However, major challenges persist, including uncertain hydrogen
Accepted 17th October 2025 generation rates, limited understanding and control of serpentinization processes, costly transportation
DOI: 10.1039/d5ee02910d infrastructure, the lack of validated techno-economic analysis, and potential social and environmental

issues. As the field is still in its early stages, progress will require interdisciplinary collaboration spanning
rsc.li/ees geoscience, engineering, economics, environmental science, and policy and regulation.

Broader context

Hydrogen is an essential resource for decarbonization, industrial processes, and energy integration. However, global hydrogen production is still largely
dependent on fossil fuels, which generate substantial carbon emissions. Low-carbon alternatives, such as renewable-powered electrolysis or steam methane
reforming with carbon capture, are advancing but remain too expensive for large-scale deployment. In this context, geologic hydrogen, which includes both
natural and stimulated hydrogen, has emerged as a potentially low-emission and low-cost option. This paper provides a comprehensive review of geologic
hydrogen, covering its resource potential, origins, migration and trapping mechanisms, exploration techniques, production strategies, and pipeline
transportation. This holistic perspective enables the identification of cross-disciplinary challenges and research opportunities in geologic hydrogen. By
providing a state-of-the-art review, this paper aims to support a balanced evaluation of geologic hydrogen and its role in the future energy system.
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1. Introduction

Hydrogen (H,) is a versatile resource with applications across
energy and industrial systems. It facilitates the decarbonization of
hard-to-abate sectors,"” including power generation,>" industrial
processes,>® and transportation.”® Beyond emissions reduction,
hydrogen acts as an energy carrier, linking diverse energy sources
such as natural gas, coal, nuclear, and renewables, thereby enhan-
cing energy system flexibility and resilience."*° It is also an
essential feedstock for producing ammonia and methanol,'*"*
which are vital for fertilizers, pharmaceuticals, and other industrial
products. With these diverse roles, hydrogen is an integral com-
ponent in decarbonization, industrial manufacturing, energy inte-
gration, and energy security.

Global hydrogen demand was approximately 97 million metric
tons in 2023.">' China accounted for the largest share (29%),
followed by North America (16%), the Middle East (14%), India
(9%), and Europe (8%)."> Hydrogen demand is currently concen-
trated in refining and industrial sectors: in refining, hydrogen is
primarily used for crude oil processing, whereas in industry,
around 60% is used for ammonia production, 30% for methanol
production, and 10% for the direct reduction of iron in steel
manufacturing.'> Global demand is projected to grow two- to
fourfold by 2050, driven by growth in existing sectors and
emerging applications such as heavy industry, long-distance trans-
port, hydrogen-based fuels, and electricity generation and storage,
where clean hydrogen will be critical for decarbonization.">"* In
this review, “clean hydrogen” refers to hydrogen produced with
minimal to zero carbon dioxide-equivalent (CO,-eq.) emissions,
such as no more than 2 kg CO,-eq. kg~! H, at the production
site."* ' Meeting this projected demand will require efficient and
scalable hydrogen production technologies.

Hydrogen can be produced through various technologies,
often categorized by color codes based on production sources
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and associated carbon emissions (Table 1). The primary methods
include gray, brown (or black), blue, and green hydrogen."”'® Gray
hydrogen is produced from natural gas without carbon capture,
primarily via steam methane reforming (SMR), while brown hydro-
gen is derived from coal via gasification without carbon capture.
Both are relatively inexpensive, with mean costs of approximately
$3.3 kg™ " for gray hydrogen and $3.5 kg™ " for brown hydrogen,"
but are associated with high CO,-eq. emissions, averaging about 11
and 24 kg CO,-eq. kg™ " H,, respectively.'” Blue hydrogen couples
gray or brown hydrogen pathways with carbon capture, utilization,
and storage (CCUS) technologies, reducing emissions to approxi-
mately 3.3 kg CO,-eq. kg™ " H, for gray and 3.8 kg CO,-eq. kg™ " H,
for brown, but increasing mean production costs to around $4 kg™ *
and $3.4 kg~ *, respectively.’* Green hydrogen, produced via water
electrolysis powered by renewable energy sources, is virtually
carbon-free but remains expensive, with a mean production cost
of approximately $8.1 kg™, largely reflecting differences in produc-
tion technologies and regional electricity prices.'” Overall, current
production methods are either carbon-intensive or economically
uncompetitive, limiting their ability to meet future hydrogen
demand.

Geologic hydrogen (Fig. 1), which includes natural hydrogen
and stimulated geologic hydrogen, is considered a potential source
of low-cost, low-emission hydrogen."” Natural hydrogen, often
termed white or gold hydrogen, occurs naturally in the subsurface
without manufacturing.'”?**'?> In contrast, stimulated geologic
hydrogen, known as orange hydrogen, is generated by artificially
accelerating natural mineralogical reactions between water and
iron-rich rocks, a process that can be enhanced by injecting water
into reactive formations.'”**** Natural hydrogen is associated with
low environmental impacts, with mean emissions of approxi-
mately 0.37 kg CO,-eq. kg™ ' H,.>> Most emissions arise from tail
gas treatment during production, due to venting, flaring, or
leakage of gases such as methane (CH,).>* Stimulated geologic

Table 1 Overview of hydrogen production methods, including sources, production pathways, estimated costs, global production, associated CO5,-eq.
emissions, and technology readiness level (TRL). The global hydrogen production and associated cost estimates are based on 2023 global data,
representing the most recent information available at the time of analysis.*? For each hydrogen production pathway, mean values of production cost and
CO,-eq. emissions are presented, while corresponding value ranges provided in the Sl (Table S1). The TRL scale ranges from level 1 (basic principles
observed) to level 9 (system proven in operational environments),° with detailed definitions given in the Sl (Table $2)

Brown
Hydrogen color'”'®  Gray (or black)  Blue Green Gold (or white) Orange
Sources Natural gas Coal Natural gas, coal Renewable electricity Natural hydrogen Iron-rich
reservoir formation
Production pathway Natural gas Coal Natural gas reforming  Water electrolysis Natural hydrogen Stimulated
reforming  gasification or coal gasification production serpentinization
with carbon capture reaction
Production Cost 3.3" 3.5" 4.0 (Natural gas)"? 8.1 1.0%° 0.92%*
(USD kg™ 0.54>
3.4 gCoal)12

Global production 62" 20'? 0.6" 0.1'* ~0 (Under ~0 (Under
(Mt H, year ') investigation) investigation)
Carbon dioxide- 11" 24" 3.3 (Natural gas)'? ~0" 0.37> Estimated low
equivalent emission 3.8 (Coal)*? (under
(kg CO,-eq. kg™ Hy) investigation)
TRL 92324 9?3 925,26 7-8 (Solid oxide electrolysis) 6-7>%%° 4%

8 (Polymer exchange

membrane electrolysis)

9 (Alkaline electrolysis)®”
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Fig. 1 Schematic of the geologic hydrogen system, illustrating its generation, migration, and accumulation within the subsurface, as well as surface
seeps and the formation of fairy circles. Key elements include exploration (a)—(c), extraction (i)—(n), surface storage, transportation, and end use (d)—(h).
Processes o and p represent the major source of geologic hydrogen generation via serpentinization and radiolysis of water, respectively. Process o
occurs through water interactions with ultramafic and mafic formations or iron-rich basement rock, while process p occurs in regions rich in radiative
elements, such as uranium and thorium, particularly within iron-rich basement rocks (e.g., continental cratons). Inset g depicts hydrogen trapping
mechanisms in porous rocks, including structural and stratigraphic trapping (low-permeability layers preventing migration), capillary trapping (hydrogen
bubbles retained by capillary forces), and solubility trapping (hydrogen dissolution in water). Trapped hydrogen may originate from shallow crustal
serpentinization and radiolysis or deep-seated mantle sources. Processes |, m, and n represent stimulated hydrogen production. Water is injected into
ultramafic rock formations to induce serpentinization and hydrogen production, with hydraulic fracturing enhancing permeability and reactive surface

area. Processes i, j, and k represent direct hydrogen extraction from natural hydrogen accumulations in structural and stratigraphic traps.

hydrogen is also expected to have low to negligible emissions,
though further assessment is required.** These emissions are
significantly lower than those for conventional hydrogen produc-
tion methods, such as SMR, which emits about 11 kg CO,-eq. kg™*
H, on average.">*® Geologic hydrogen may also offer cost advan-
tages. Estimates place natural hydrogen production at roughly
$1.0 kg 12?3 whereas some studies suggest costs as low as
$0.5 kg ';*"¥7 cost estimates for stimulated hydrogen remain
limited but may be around $1.0 kg *.**?7 Although these esti-
mates are lower than those of other production pathways listed in
Table 1, their variability indicates the current uncertainties and the
need for more comprehensive and standardized techno-economic
assessments.

This journal is © The Royal Society of Chemistry 2025

Geologic hydrogen research remains in its early stages.
Review efforts have been made to consolidate and assess the
current state of knowledge on geologic hydrogen, providing
valuable insights into its fundamentals, challenges, and future
directions. However, critical gaps persist, and several aspects
require further elaboration. First, most existing reviews only
focus on specific aspects of geologic hydrogen, such as natural
occurrences,”'?*??%3% resource potential,*'** origins,*'**%83
migration,*® and exploration techniques,*! lacking an integrated
perspective that connects these elements. Second, existing
reviews are not balanced between natural hydrogen®'?>?%*?
and stimulated geologic hydrogen,**** with the majority focusing
on natural hydrogen while few delve deeply into stimulated

Energy Environ. Sci., 2025, 18, 9991-10035 | 9993
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hydrogen. Third, there is a notable scarcity of reviews on produc-
tion technologies, associated risks, and transportation infrastruc-
ture for geologic hydrogen.

To bridge these gaps, this paper presents a comprehensive
review of both natural and stimulated hydrogen, covering
resource potential, subsurface dynamics, exploration techni-
ques, production strategies, and transportation infrastructure.
This holistic perspective enables the identification of cross-
disciplinary challenges and research opportunities in geologic
hydrogen. By providing a state-of-the-art overview, this paper
aims to support a balanced evaluation of geologic hydrogen.

2. Resource potential of geologic
hydrogen

Mapping the resource potential of geologic hydrogen is a crucial
step toward its future extraction. These resources include natu-
rally occurring hydrogen reservoirs and seeps that could be
developed at industrial scales, as well as mafic and ultramafic
rocks (igneous rocks rich in iron and magnesium), which may
be suitable for stimulated hydrogen production. This section
reviews geographic regions with potential for geologic hydrogen
production, assesses global resource potential and renewability,
and discusses the challenges associated that limit full resource
utilization.

2.1. Origin and geographic distribution of geologic hydrogen

According to the Global Lithological Map (GLiM) database,**
Earth’s terrestrial surface is covered by sediments (64%), meta-
morphics (13%), plutonics (7%), volcanics (6%), with the
remaining 10% covered by water or ice. The distributions are
shown in Fig. 2.

A high-level summary of lithology coverage on the Earth’s
terrestrial surface is presented in Fig. 2. Finer classes can be
found in the GLiM database.”® As shown, a large portion of the
Earth’s terrestrial surface is covered by sedimentary forma-
tions, which are the primary hosts of hydrocarbons and have

B Votcanic rocks

- Plutonic rocks
Metamorphic rocks
Mixed sedimentary rocks
Siliciclastic sedimentary rocks :
Carbonate sedimentary rocks s, &Y
Pyroclastics i
Unconsolidated sediments 5]
Ice and glaciers
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Fig. 2
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been central to the oil and gas industry. In contrast, geologic
hydrogen is generated through geochemical processes that in
general do not occur in sedimentary systems. Main pathways
for large-scale geologic hydrogen generation include serpenti-
nization of subsurface mafic and ultramafic rocks, radiolysis of
water in continental cratons, and magmatic degassing.*'*>%*>
The term “mafic and ultramafic rocks” is widely used in the
literature to describe igneous rocks rich in iron and magne-
sium, typically with lower silica content than other rock types.
These rocks form from mantle-derived magma and occur where
magmatic flows reach Earth’s crust and surface, such as
oceanic crust* and volcanic regions.*” They are also major
components of continental cratons.*® The scope of the term
“mafic and ultramafic rocks” overlaps with the volcanic, plu-
tonic, and metamorphic lithologies shown in Fig. 2. The former
classification is based on chemical composition, while the
latter emphasizes the geologic context in which the rock is
formed.

It should be noted that lithology could vary with depth,
influenced by factors such as tectonics, deposition, erosion,
and igneous intrusion. Thus, global lithological distributions at
depth may differ from the surface lithology shown in Fig. 2.
Since geologic hydrogen is generated in the subsurface, lithol-
ogy at depth is critical for tracing its origin. To the authors’
knowledge, no comprehensive global three-dimensional (3D)
lithological map is currently available, although progress has
been made in regional mapping. The OneGeology-Europe pro-
ject and its GeoSciML data model*” enables 3D lithological
visualizations for parts of Europe. Using borehole data, geo-
physical surveys, and geologic modeling, 3D lithological maps
have also been developed for Denmark,*® the Netherlands®’
and the United Kingdom.?® These regional maps indicate that
surface formations can extend hundreds to thousands of
meters deep, suggesting that existing global surface lithology
maps may serve as a reasonable approximation of lithology at
depth. At sufficient depths, however, sedimentary sequences
eventually transition into basement (crystalline igneous and
metamorphic rocks), with sediment thickness varying by

Global surface lithology coverage plotted using data from the global lithological map (GLiM) database.*®

This journal is © The Royal Society of Chemistry 2025
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geologic setting. Along continental margins, the average sedi-
ment thickness is estimated at approximately 3 km.* On
continents, sediment thickness is highly variable, ranging from
nearly zero to more than 5 km, making it difficult to define a
global average.

Volcanic and plutonic rocks form directly from magma
eruptions and intrusions and are primarily composed of mafic
and ultramafic minerals. Metamorphic rocks are often derived
from volcanic or plutonic protoliths, altered by subsequent
changes in physical and chemical conditions.** Depending on
the extent of alteration, metamorphic rocks may retain substan-
tial mafic and ultramafic mineral phases, making them relevant
to hydrogen production. In some cases, these metamorphic rocks
may also preserve by-products of alteration over geologic time-
scales. For instance, serpentinite is a metamorphic rock primarily
composed of serpentine group minerals derived from the ser-
pentinization (eqn (1)) of olivine in peridotite bodies. Hydrogen
generated during serpentinization may remain locally trapped,
making serpentinite a potential source of geologic hydrogen.>*"*
From the perspective of hydrogen generation, the term “mafic
and ultramafic rocks” is more appropriate, as it directly reflects
the relevant geochemistry. However, comprehensive databases
on global mafic and ultramafic rock distributions are lacking.
Therefore, the volcanic, plutonic, and metamorphic lithologies
shown in Fig. 2 are used as an approximate representation for the
distribution of mafic and ultramafic rocks. Typical mass fractions
of mafic and ultramafic minerals in these lithologies are sum-
marized in Table S3 of the SL

Mafic rocks are typically dark-colored and composed of
minerals such as pyroxene [XY(Si,Al),Os, where X, Y can be Fe,
Mg, Ca, Na, or rarer elements such as Zn, Mn, Li, Ti, etc.],
plagioclase [(Ca,Na)AlSi;Og), olivine [(Mg,Fe),Si0,] and magnetite
[Fe;0,4]. Plagioclase and pyroxene are dominant phases (tens of
percent for each), while olivine and magnetite are the minor
phases, which often account for a few percent of the mass.
Common mafic rocks include basalt and gabbro. Ultramafic rocks,
ranging from dark to greenish in color, have even higher iron and
magnesium concentrations and much lower silica content than
mafic rocks. Composed almost entirely of olivine and pyroxene,
ultramafic rock examples include peridotite and dunite. These
rocks are most abundant in the mantle but can be brought near
the surface by magmatic intrusions and tectonic activity.

The geochemical processes associated with mafic and ultrama-
fic rocks actively shape the global landscape of geologic hydrogen
resource potential. Serpentinization, a process in which Fe(u) in
mafic and ultramafic rocks is oxidized to Fe(m) while water is
reduced to hydrogen during water-rock interactions, is considered
a major source of naturally occurring geologic hydrogen. It is also
the primary mechanism for hydrogen production via anthropo-
genic water injections into reactive geologic formations.** Cur-
rently, accurate mapping of global hydrogen deposits remains
challenging due to data scarcity and limited research and develop-
ment in this field. However, understanding the geologic settings
that drive geologic hydrogen production and its migration to the
surface*® can provide a first-order estimate of resource potential
and guide future exploration and development efforts.

This journal is © The Royal Society of Chemistry 2025
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Due to the complexity of water-rock interactions within the
Earth system, hydrogen deposits can form in various geologic
settings. In tectonically active environments, the reaction of
magmatic rocks with seawater or infiltrated seawater can gen-
erate hydrogen through serpentinization.’® Such environments
include mid-ocean ridges,”” oceanic hydrothermal fields,*® and
rifted continental margins.>® Hydrothermal alteration of basalt,
gabbro, and peridotite in these systems can result in substantial
hydrogen production. During serpentinization, serpentine group
minerals replace the original igneous minerals, altering both the
mineralogy and structure of the rocks. Additionally, the hydration
of rock increases its volume, causing fracturing that facilitates
further water infiltration and reaction progression.®® The Mid-
Atlantic Ridge and the East Pacific Rise are typical examples of
regions that host active hydrothermal and hydrogen-producing
systems.®! Extensive serpentinized bodies have also been identi-
fied along rifted continental margins, such as the North Atlantic
margins.”> A comprehensive overview of hydrogen production
across various mid-ocean ridges worldwide is provided in Wor-
man et al.®

Ophiolite belts represent another promising contributor to
serpentinization and hydrogen generation. Ophiolites are rem-
nants of ancient oceanic crust and underlying upper mantle
that were later uplifted or emplaced above sea level, thereby
exposing them to environmental fluids. These formations are
rich in mafic and ultramafic rocks (often a sequence from
peridotite to basalt), and their serpentinization can result in
massive historical hydrogen generation. The Samail Ophiolite in
Oman, one of the largest ophiolite exposures, has been exten-
sively studied for its geologic hydrogen formation.®* Extensive
ophiolite belts are also found in the Mediterranean region. The
Chimaera ophiolite formations in Turkey, for instance, have
been seeping hydrogen for over 2000 years.*"***> Other ophio-
lite sites such as the Coast Ranges Ophiolites in California,
U.S.,°% and the Colombian Ophiolite in South America,®* also
show promise for geologic hydrogen formation.

Interactions between volcanism and geothermal fluids is
another important source of geologic hydrogen.*® Volcanism-
originated mafic and ultramafic rock formations, combined with
geothermal fluids, provide the necessary mineralogy, heat, and
water to accelerate serpentinization, potentially generating large
amounts of hydrogen. Regions such as Iceland and Japan, rich in
mafic and ultramafic volcanic lithologies and active hydrother-
mal circulation, may hold strong potential for geologic hydrogen
resources. Similarly, the East African Rift system, spanning
Ethiopia, Kenya, and Tanzania, is abundant in mafic and ultra-
mafic igneous lithology and geothermal energy,®® suggesting
potential for hybrid geologic hydrogen and geothermal systems.
Moreover, volcanic and magmatic activity can release notable
amounts of hydrogen gas directly through magma degassing.***>

Continental cratons are another potential source of geologic
hydrogen.®®®” These ancient, stable cores of continental crusts
have remained largely unaltered for billions of years. Cratons
are rich in iron and radioactive elements such as uranium and
thorium, and could generate notable hydrogen flux through
both water-rock reactions and radiolysis of water. Examples

Energy Environ. Sci., 2025, 18, 9991-10035 | 9995
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include the West African Craton, underlying countries such as
Mauritania, Mali, and Guinea, the Yilgarn Craton in Western
Australia, and the Canadian Shield. The high concentrations of
geologic hydrogen recovered from wells in Bourakébougou, Mali,
which began commercial production in 2011 by Hydroma,*®
ultimately originate from the craton basement.*®*°® Field tests
show high soil-gas hydrogen concentrations in the Yilgarn craton
regions,® and several pilot projects for geologic hydrogen explora-
tion are already underway in Australia.>® The Canadian Shield, one
of the largest cratons in the world, also holds great potential for
geologic hydrogen.”

In addition to the mafic and ultramafic formations and cratons,
salt formations (e.g., evaporites), impermeable dome structures,
and other geologic traps in sedimentary basins are potential seals
for the accumulation of geologic hydrogen.*" Salt layers can trap
hydrogen generated beneath them, potentially facilitating the
development of hydrogen reservoirs. The trapped hydrogen may
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originate from various sources, including those discussed above
and deep-seated primordial hydrogen.”* Examples include the Gulf
of Mexico,”? known for its numerous salt domes, and the Zechstein
Basin in Europe,”® which spans Germany, Poland, and the Nether-
lands. These regions can potentially host hydrogen deposits.

As hydrogen plumes migrate from greater depths toward the
surface, faults in the Earth’s crust may play a key role in
conducting and diverting the flux. Therefore, the global distribu-
tion of faults is an important factor when estimating hydrogen
potential. We show the global distribution of volcanic, plutonic,
and metamorphic rocks in panel (a) of Fig. 3 as a proxy of global
mafic and ultramafic rocks distribution. These represent a subset
of the global lithology in Fig. 2. Faults and active earthquake
faults are shown in Fig. 3b. Both are overlaid with known
hydrogen deposits and current hydrogen exploration sites.

Fig. 3 illustrates the global potential for natural geologic
hydrogen deposits and stimulated hydrogen production from

Py
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Fig. 3 Global distribution of igneous and metamorphic rock formations (a) and faults and active earthquake faults (b), overlaid with known geologic hydrogen
deposits (black location marks) and ongoing exploration projects (red location marks). Hydrogen deposit, potential hydrogen region (circled areas), and
exploration project data are from Blay-Roger et al.*® and Zgonnik.3! Note that the locations are approximate. Lithology distribution data are from the GLIM
database.** Fault line data are from ArcAtlas (ESRI).”* Global active earthquake fault data are from ArcGIS Hub.”® The dense data points across Eastern Europe
and North Asia (Region 1) result from historical research activity in these regions and do not necessarily indicate a higher abundance of geologic hydrogen
compared to less-sampled areas.®! Potential regions for naturally occurring and stimulated hydrogen are labeled 1-17 (dark green icons).
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mafic and ultramafic igneous rock formations. Since direct
mapping of geologic hydrogen resources is challenging, these
distributions of igneous rock formations and faults/rifts sys-
tems serve as a proxy for natural hydrogen accumulation and
stimulated hydrogen production.

Detailed information on the marked regions in Fig. 3 is
presented in Table S4 and described in the SI (Section 3). These
regions are not exhaustive, and geologic hydrogen production
may be far more extensive and diverse than previously recog-
nized. Current hydrogen sampling data are sparse, suggesting
that many hydrogen-rich sites likely remain undiscovered. As
noted by Blay-Roger et al,*® ideally, peridotites within the
upper 7 km of the crust alone could generate a total hydrogen
mass of 10® million metric tons (Mt). For context, global annual
hydrogen demand was 97 Mt in 2023 and almost reached
100 Mt in 2024." If fully utilized, peridotite-derived hydrogen
could meet global demand for thousands of years, given the
current trend. The potential supply may be significantly greater
when other geologic sources are considered, though these esti-
mates carry substantial uncertainty. Recent stochastic modeling
suggests global geologic hydrogen resources could range from
10® to 10"° Mt, with the most probable estimate at about 5.6 x
10° Mt.”® While most of this resource is likely unrecoverable, even
a small fraction, such as 10°> Mt, could supply the projected
hydrogen needed to reach net-zero carbon emissions for approxi-
mately 200 years.”®

2.2. Renewability

Geologic hydrogen is considered more renewable than fossil
fuels because water-rock reactions and radiolysis can occur
continuously where favorable mineralogy is present. In principle,
these continuous reactions could replenish hydrogen extracted
from the subsurface.”” However, hydrogen generation rates are
slow, typically on the order of 1072 to 10° mmol kg™* day ™" for
serpentinization of mafic and ultramafic rocks.”®”® These values
are derived from laboratory experiments where small rock sam-
ples are reacted with water under conditions that maximize
mineral-water contact. In real geologic formations, mineral-
water contact is far more limited, implying that in situ rates
may be considerably lower. Consequently, hydrogen regeneration
at the reservoir scale may be insufficient to meet regional energy
demand.

For illustration, consider a reservoir with dimensions of
2 km x 2 km x 1 km. Assuming a median rate of
0.1 mmol kg ! day *, an average rock density of 3 g cm 7, a
10% reactive rock fraction, 10% effective mineral-water con-
tact, and 50% recovery efficiency, the resulting hydrogen gen-
eration rate is approximately 0.0044 Mt year " (4400 t year ). If
fully converted to electricity in a gas turbine power plant, this
amount of hydrogen would yield about 94 GWh of electricity,
assuming a conversion efficiency of 64%.%° Based on the
2023 U.S. retail electricity sales data®' and the latest census
data,® per capita electricity consumption is around 12 000 kWh
year '. For a small town of 10000 residents, the expected
demand is about 120 GWh year '. Under these assumptions,
the hydrogen generated by the reservoir (94 GWh year™ ') would
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fall short of meeting the electricity demand of even a small town.
These simple calculations indicate that in situ hydrogen regenera-
tion is not expected to keep pace with industrial-scale extraction.
Commercial projects aiming to produce large quantities of hydro-
gen over relatively short timeframes may therefore need to rely
primarily on pre-accumulated hydrogen deposits.

The estimates of global annual abiotic natural hydrogen
fluxes across different geologic settings are summarized in
Table 2, although these values remain subject to substantial
uncertainties. Four main methods are used to estimate fluxes.
The first relies on hydrothermal vent fluid chemistry combined
with flow and heat flux measurements,®®® where hydrogen
concentrations in hydrothermal fluids are multiplied by venting
rates. Its strength lies in being grounded in direct measurements
and well-established physics of mass and heat transport. How-
ever, uncertainties arise from the limited coverage of ultramafic
systems, the difficulty of capturing diffuse low-temperature dis-
charges, and temporal variability in vent activity. The second
method uses volume and stoichiometric calculations.®>” 1t
estimates the abundance of reactive rocks within a geologic
volume and the extent of serpentinization, and then derive
hydrogen yields via stoichiometry. It benefits from insights in
structural geology and geophysics but is sensitive to rock-water
access, redox states, and reaction kinetics. It may overestimate
fluxes if water access and reaction progress are limited, or
underestimate them if cracking and advective transport enhance
water access and accelerate reaction. Improved geophysical mea-
surements may help reduce these uncertainties. The third
approach is box modeling of sources and sinks,*"””® which sums
all plausible abiotic sources and sinks within a control volume
and calibrates them against observations. This method can
capture hidden or diffuse pathways and explicitly quantify sinks
such as microbial hydrogen consumption. Its main drawback is
that many inputs are poorly constrained, resulting in outcomes
that can vary by an order of magnitude or more, although the

Table 2 Summary of estimated annual abiotic natural hydrogen fluxes
across different geologic settings, based on Zgonnik®! and Geoffrey®*

Estimated annual

Geologic settings H, flux (Mt year™ )

Mid-oceanic rift system 0.12%
0.33%
0.38%
Oceanic crust, by various oxidations 0.9 + 0.6%7
Oceanic crust serpentinization 0.16-0.26°
0.76%
290
Ophiolite massifs 0.18-0.36""
Basaltic layer of the oceanic crust 7.5%
12.6%
Precambrian basement 0.04-0.38%°
0.08-0.11%
Volcanoes and hydrothermal systems 9.6 + 7.2°*
Subaerial volcanoes 0.18-0.69°°
0.24%
Mid-ocean ridge volcanoes 0.02-0.05%®
Coal metamorphism 0.0014°
Deep-seated hydrogen Unknown
Total abiotic natural hydrogen flux 23 + 83183

from the subsurface
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qualitative behavior is generally robust and may suffice for
certain applications. The fourth method involves direct flux
measurements at seeps and soil-gas sampling surveys.’®%*
These provide valuable ground truth at the site scale and are
useful for process calibration but are difficult to extrapolate
globally without extensive mapping. Soil-gas surveys are effec-
tive for detecting seepage and spatial patterns (e.g., along faults
or ring perimeters) but do not directly yield fluxes. Inferring flux
requires diffusion and advection models and assumptions
regarding porosity, tortuosity, and microbial consumption,
which introduce additional uncertainty. Overall, each method
has strengths and limitations, and combining approaches may
provide better constraints. For instance, Cannat® integrated
hydrothermal vent chemistry with stoichiometric calculations to
refine hydrogen flux estimates.

The estimated global abiotic natural hydrogen flux from the
subsurface is approximately 23 + 8 Mt year ' (Table 2).*"%
Even assuming full recoverability, this amount would remain
insufficient to meet the annual global hydrogen demand, which
was 97 Mt in 2023.'> Moreover, global hydrogen demand is
projected to increase two- to fourfold by 2050." At the global
scale, therefore, naturally regenerated hydrogen would require
multiple years to satisfy an annual demand. However, at smaller
scales (see the reservoir example above), annual natural regen-
eration may be comparable to local energy needs. Under the
assumption that industrial extraction rates align with market
demand, the effective renewal timescale of natural hydrogen
during production could range from one to several years. This
timescale is longer than for other renewables such as wind
(minutes to seasonal),'®>'* solar (minutes to seasonal),'*>"%
and hydro (daily to seasonal),"®”"*°® but still more favorable than
nonrenewable oil and gas. Thus, the renewability of natural
hydrogen can be considered on human timescales, which sup-
ports its classification as a renewable energy resource. However,
for natural hydrogen to make a meaningful contribution to the
global market, large deposits of historically accumulated hydro-
gen are likely to be required. It should be noted that tectonic
processes also continuously refresh rocks, generating an estimated
1000-4000 Mt of peridotite annually,>®'* thereby increasing the
volume of reactive rocks and potentially the global hydrogen flux.
Since hydrogen migration occurs within the Earth,*® this refresh-
ment does not have to occur at extraction sites. For example, the
Bourakébougou field in Mali has consistently produced high-purity
hydrogen since 2011, attributed to replenishment from hydrogen
generated and migrated from the cratonic basement.®® Overall,
refreshed rocks contribute to the global hydrogen supply regard-
less of whether the refreshment occurs at extraction sites or
elsewhere, due to subsurface hydrogen migration. The main
challenge remains identifying hotspots with sufficient flux and,
ideally, large natural hydrogen accumulations.

From an optimistic perspective, advances in stimulated hydro-
gen production technologies have the potential to accelerate
geochemical reactions, thereby shortening the timescale of
renewal. This could enable a more on-demand production mode,
which is particularly relevant for stimulated hydrogen production
(see Section 5.1). At the global scale, the vast abundance of mafic
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and ultramafic rocks represents substantial potential for stimu-
lated hydrogen production, provided that key challenges includ-
ing slow geochemical reaction rates can be addressed through
technological progress.

2.3. Challenges in unlocking the potential

Despite its vast potential, large-scale commercial extraction of
geologic hydrogen from the subsurface faces numerous chal-
lenges, ranging from technological to regulatory. Overcoming
these challenges requires collective efforts across multiple sectors.

Current knowledge and data on geologic hydrogen systems
remain limited. Further research on the processes governing the
generation, migration, and accumulation of geologic hydrogen
in the Earth system is important for assessing future extraction
potential.'” The exploration and identification of candidate
formations represent a major challenge.”>*! Reliable localization
of hydrogen deposits will require integrating results from multi-
ple types of geophysical surveys, including seismic,"'*"""
magnetic,"'* gravity,'”® electromagnetic,"'* and soil-gas sam-
pling methods.®® Each technique probes different subsurface
properties and provides complementary insights into subsurface
processes. However, a systematic exploration methodology dedi-
cated to geologic hydrogen has yet to be developed, underscoring
the need for further research and technological development.
Some initial progress has been made in combining gravity,
magnetic, electromagnetic, and seismic methods for geologic
hydrogen exploration.*™"*>

Following the discovery of a geologic hydrogen deposit, its
economic and safe extraction presents additional challenges.
Due to differences in geology, material properties and subsurface
conditions, existing drilling, completion, production, and surface
facilities developed for oil and gas*®'"” would need to be adapted
or redesigned for hydrogen. For example, while oil and gas wells
are typically drilled in sedimentary formations, many geologic
hydrogen sites, particularly those involving stimulated produc-
tion, are located in mafic and ultramafic rocks such as basalt,
gabbro, peridotite, and dunite. These rocks are generally much
harder, more abrasive, and often exhibit higher temperatures
than sedimentary rocks.""®"*° Drilling and completion in such
formations may therefore require specialized expertise and rede-
signed equipment, potentially adapted from geothermal opera-
tions. Further details on drilling and completion are provided in
Section 5.2. Hydrogen’s low molecular weight and high diffusivity
pose risks of leakage and material degradation, such as hydrogen
embrittlement,'*" during extraction.*

Geologic hydrogen is often co-produced with gases such as
nitrogen (N,), CH,, CO,, and water vapor, yielding hydrogen
purities (volumetric concentrations) ranging from below 10% to
over 90%.>" From global sampling sites associated with hydro-
gen occurrences, we derived a probability distribution of hydro-
gen purity (Fig. 4). As shown, purities vary widely, which may be
attributed to the diverse origins of hydrogen and varying subsur-
face conditions. Most sites exhibit relatively low purities, with a
mean of approximately 40.3%. In addition to this spatial
variability, hydrogen purity can also change over time at certain
sites, depending on local geologic conditions. Temporal
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Fig. 4 Probability distribution of hydrogen purity (volumetric concen-
tration) from global placemark sampling sites associated with hydrogen
occurrences. Data are adapted from Zgonnik® and Brennan et al.,??
covering 331 sites with hydrogen purity above 5%.

variations in produced gas composition may be influenced by
factors such as water-rock interactions, associated organic
matter, and hydrogen migration processes. For instance, the
hydrogen purity at the Chimaera seep in Turkey ranges from
7.5% to 11.3% and exhibits seasonal fluctuations.”* In con-
trast, the Los Fuegos Eternos seep in the Philippines has
maintained a relatively stable hydrogen purity between 41.4%
and 44.5% for 25 years."* Both the spatial and temporal
variability of hydrogen purity introduce complexities in purifi-
cation and incur additional costs. These costs depend on the
composition of the produced gas and the required purity level
for specific end uses.'* Potential purification processes for
geologic hydrogen include gas-liquid separation, dehydration,
acid gas removal, and membrane separation or pressure swing
adsorption.>® One study suggests that a decrease in geologic
hydrogen purity from 85% to 35% increases purification costs
by approximately $0.6 kg ' to reach purities above 99%,>" as
required for industrial applications and fuel-cell vehicles.'”®
However, at sites where hydrogen is co-produced with high
concentrations of other gases such as CH, or helium,*" these
components may be recovered as marketable by-products,
potentially offsetting purification expenses.

Challenges also reside in scaling geologic hydrogen produc-
tion to larger volumes and broader geographic regions. A
scalable economic model for geologic hydrogen has yet to
emerge, and it is unclear how geologic hydrogen will compete
with other production pathways, such as electrolysis*>***” and
SMR.'?® Although geologic hydrogen promises low production
costs, the cost of other modes of hydrogen production, such as
electrolysis, is also dropping as the technology advances."* In
the absence of a clear market framework and demonstrated
economies of scale, large-scale investment in geologic hydrogen
remains high risk. Therefore, developing supportive market
infrastructure and stimulating demand are critical, as is the case
for underground hydrogen storage."*>"*" However, in the short
term, it may be challenging to establish stable supply-demand
market dynamics, given strong competition from more mature
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hydrogen technologies. Nonetheless, if a growing number of pilot
projects, such as Hydroma’s in Bourakébougou, Mali,°® prove
successful in the coming years, the market could reach a tipping
point for large-scale adoption of geologic hydrogen.
Environmental and social challenges are critical considera-
tions in geologic hydrogen development. Industrial extraction must
meet stringent environmental standards to minimize risks to local
geology, ecosystems, water resources, and induced seismicity.
When evaluating site safety, resource type is an important factor.
The extraction of natural hydrogen trapped in shallow sedimentary
formations may pose relatively low environmental risks. A practical
example is the Bourakébougou field in Mali,*® where hydrogen has
been safely produced since 2011 to power nearby villages. Shallow
wells (a few hundred meters) access hydrogen trapped beneath
caprocks that migrated from the deep cratonic basement. In
contrast, stimulated hydrogen production from mafic and ultra-
mafic rocks may entail higher risks. These rocks typically have low
permeability due to their high crystallinity, making hydraulic
fracturing likely necessary to enhance fluid flow. This process
involves injecting large volumes of water at high pressures,**™**
which also generates wastewater requiring careful manage-
ment.**"** Water for fracturing is typically sourced from nearby
surface water bodies or aquifers, potentially competing with civilian
uses and raising concerns about water depletion.”** To reduce
stress on freshwater resources, non-potable water sources could
be used for fracturing. Additional risks include contamination
from site construction, drilling fluids, spills, and stimulation
activities.”> Induced seismicity is another major concern. The
physical mechanisms of anthropogenic induced seismicity have
been extensively studied over the past decade in connection with
wastewater injection,’**™*® hydraulic fracturing,"****! enhanced
geothermal stimulation,"*>'** and CO, sequestration.**™*® Geolo-
gic hydrogen development is likely to face similar scrutiny, espe-
cially concerning the risk of microearthquakes and fault
reactivation from hydraulic fracturing. In addition to induced
seismicity, stimulated hydrogen systems also raise concerns about
surface deformation. Since serpentinization is a volume-expansion
reaction,"*” rock expansion may cause surface uplift that disrupts
infrastructure. All these risks can reduce public acceptance, making
it unlikely that projects will be located near densely populated
areas. Long-term monitoring of extraction sites and underlying
geologic formations will therefore be essential, as in CO, seques-
tration projects,"** "> to ensure operational safety, enable rapid
response to accidents, and address public concerns. Offshore
hydrogen production may be appealing because risks such as
induced seismicity and surface uplift are less disruptive, and
offshore geology often features thin crust and abundant water,
which is favorable for serpentinization-driven hydrogen generation.
In the regulatory space, globally, there is currently no
dedicated framework for geologic hydrogen development.'*?
The first issue is resource classification and title. Most jurisdic-
tions have not yet clarified whether naturally occurring hydro-
gen should be treated as oil and gas, a locatable mineral, or
another category, creating uncertainty for ownership, leasing,
and royalty regimes. In the United States, classification
depends on state law and may intersect with pore-space rights
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established for geologic CO, sequestration,
owners typically holding pore space but doctrines varying across
states. By contrast, France amended its Mining Code in 2022 to
designate hydrogene naturel as a mining substance, enabling
exploration permits,”® and South Australia amended its Petro-
leum and Geothermal Energy Regulations in 2021 to classify
hydrogen as a “regulated substance”, allowing exploration licenses
and transport permits.">” A second issue concerns land use and
environmental review: while agencies such as the U.S. Bureau of
Land Management (BLM) have established leasing programs for
oil and gas, coal, geothermal, wind, and solar,"”® no analogous
category yet exists for geologic hydrogen. Similar gaps are evident
elsewhere, with authorizations generally handled case by case.
Third, technical standards remain incomplete. Projects typically
rely on NFPA 2,"*° ASME B31.12,"®° and ISO 19880-1,'*' but
upstream contexts such as wellheads, separation, and compres-
sion lack specific codes, and it remains unclear whether oil and
gas standards can be directly applied. Fourth, measurement and
reporting frameworks are underdeveloped worldwide: questions of
reporting, classification, and reserve estimation remain unre-
solved, though the Petroleum Resources Management System
(PRMS)"®* may provide a starting template.

Last but not least, beyond the aforementioned factors, an
important question is whether geologic hydrogen can deliver on
its carbon neutrality potential. Although hydrogen is a clean fuel,
its extraction from geologic sources can be energy- and resource-
intensive, potentially increasing its life-cycle carbon footprint.
Therefore, a comprehensive life-cycle assessments of geologic
hydrogen extraction and distribution are essential to quantify
and mitigate environmental impacts.>* Similar concerns exist for
other hydrogen production pathways, such as natural gas
reforming.'®® However, there is potential to use the hydrogen
produced to power and decarbonize its own extraction process.

3. Geologic hydrogen system

A typical geologic hydrogen system consists of three key compo-
nents: hydrogen sources, migration pathways, and seals that facil-
itate accumulation. Although natural and stimulated hydrogen
share similar migration and trapping mechanisms, they originate
from different sources. This section examines the sources of
geologic hydrogen, the migration mechanisms and their roles in
various geologic features, as well as trapping mechanisms that
enable the accumulation of natural and stimulated hydrogen.

3.1. Sources

We focus on hydrogen resources in the shallow upper crust, at
depths typical of oil and gas drilling operations. Three primary
sources of natural hydrogen have been identified in this zone. The
first is hydrogen derived from degassing of deep-seated hydrogen in
the Earth’s mantle and core, which continuously supplies hydrogen
to the upper crust.>"'** The origin of this deep-seated hydrogen in
the mantle and core remains under debate,*" with some suggesting
it derives from hydrogen present since Earth’s formation (primor-
dial hydrogen),'®>'®® whereas others propose it formed later
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through reactions between iron and water that produced
hydrides.’®”* The second source is serpentinization, a geochem-
ical process in which water reacts with Fe(u)-bearing minerals such
as olivine and pyroxene, generating hydrogen along with secondary
minerals including serpentinite, magnetite, and brucite,"”® as

depicted in Fig. 1 (item o). The reaction is summarized as:'”*

Olivine + H,O — serpentine + brucite + magnetite + H,
1)

The stoichiometry of this reaction depends on factors such as
the water-rock ratio and temperature.>*'”> The involved Fe(n)-
bearing minerals are abundant in mafic and ultramafic rocks of
the crust and upper mantle. The third source is radiolysis, in
which natural radioactive decay splits water molecules into
hydrogen and oxygen."”* Additional hydrogen sources beyond
these three include the weathering of iron-rich rocks,'’*'”>
microbial activity,'"”®™'”® organic matter degradation,'”>"'”® fault
friction,"*>'®" and volcanic activity.”>'® When all hydrogen
sources are classified into geologic, atmospheric, and biological
origins, each category is estimated to generate on the order of
20 Mt year '.>! These values likely underrepresent the true flux,
as they exclude newly discovered seepage sites.’’ Notably, flux
estimates have increased by an order of magnitude every one to
two decades as new discoveries emerge.”’ The 20 Mt year '
estimate reflects data available in 2019. This underscores the
need for comprehensive and real-time assessments of hydrogen
flux across different sources. Recent studies suggest that the total
natural hydrogen flux from the subsurface to the atmosphere
ranges from 1 to 100 Mt year ', with a most probable value of
24 Mt year '.”° Site-specific measurements, such as hydrogen
outgassing from fairy circles and springs, yield localized flux rates
between 0.001 and 0.5 ton m™~ 2 year *.'°"'837'85 These measure-
ments indicate a lower bound on total hydrogen generation,
since surface seepage must be less than the generation rate at
depth. More systematic investigations are needed to quantify and
rank the contributions of different hydrogen sources.

The source of stimulated hydrogen generation is serpentiniza-
tion of the source rock (mafic and ultramafic rocks) under engi-
neered conditions. The amount and replenishment of the source
rock have been discussed in Section 2.2. Although the fundamental
mechanism is similar to natural serpentinization, a key distinction
lies in the reaction timescale. Natural serpentinization proceeds
slowly over geologic timescales, with hydrogen accumulation driven
by long-term migration or gradual in situ reactions. In contrast,
stimulated hydrogen relies on rapid i situ serpentinization, where
the reaction timescale must be reduced to the order of a year for
practical production. Achieving this requires accelerating the reac-
tion rate by at least four orders of magnitude compared with
natural processes,” which remains a major challenge. Such accel-
eration may be achieved by optimizing reaction conditions, includ-
ing temperature, pH, reactive surface area, catalysts, and other
engineered stimuli, as discussed in Section 5.1.

3.2. Migration mechanisms

Two primary migration mechanisms exist for natural and
stimulated hydrogen in the subsurface. The first is diffusion.
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Within mineral and crystal structures, hydrogen can diffuse
through lattice structures and along grain boundaries. Higher
temperatures and smaller grain sizes can accelerate the diffusion
rate by several orders of magnitude.'**'®” Although most experi-
ments have been conducted at high temperatures, extrapolations
suggest that hydrogen diffusion in olivine at depths shallower than
3 km (25-100 °C) ranges from 10>° to 107> m* s~ !, based on the
Arrhenius equation.'®® Such low values indicate that hydrogen
diffusion within olivine is a slow transport process, relevant mainly
on geologic timescales and long-term accumulation. However,
since diffusion coefficients increase exponentially with tempera-
ture and subsurface temperatures rise with depth, diffusion in
minerals may still contribute to the migration of deep-seated
hydrogen over geologic timescales. In contrast, hydrogen diffusion
through pore spaces is much faster. The self-diffusion coefficient
of hydrogen in gases typically lies between 10”7 to 10~ ® m?* s~ *,'*°
while hydrogen diffusion in other gases is on the order of 10~ to
107® m? s, depending on temperature and pressure. In pure
water and brine, diffusion coefficients range from 3.9 x 10~° to
6.1 x 1072 m? s .19 Given the much lower hydrogen diffu-
sivity in minerals, diffusion in the gas and brine is expected to
dominate hydrogen migration and influence sealing integrity.
Notably, both self-diffusion and lattice diffusion decrease with
increasing pressure and increase with increasing temperature.
Second, hydrogen can migrate via advection, which occurs
with bulk flow (fluid motion driven by pressure gradients). The
advective transport rate depends on two key factors: the bulk
flow rate and the hydrogen content of the carrier fluid. Bulk flow
may occur as single-phase or multiphase flow. Natural hydrogen
deposits can occur as single-phase gaseous systems, whereas
stimulated systems often involve two-phase hydrogen-water
flow. In single-phase gaseous systems, the flow rate is controlled
by intrinsic permeability, which in ultramafic rocks is typically
very low (porosities <1% and permeabilities of about 102~
10~ m?, equivalent to ~10 nD to ~1 mD, at depths >150 m)
and decreases further with depth.'®*'®* Apparent gas perme-
ability can exceed intrinsic permeability due to the Klinkenberg
effect, which is inversely proportional to pressure.'®® In multi-
phase systems such as hydrogen-water flow, capillary effects
become pronounced in the micro- to nanopores of low-porosity
ultramafic rocks. Contact angle is an important parameter to
model capillary effects, as it governs the contact line movement
at the pore scale and capillary pressure at the reservoir scale,
thereby controlling hydrogen migration and trapping efficiency.
In hydrogen-water systems, the contact angle is influenced by
pressure, salinity, and rock surface properties, and typically
ranges from 0° to 50°, indicating water-wet conditions.'®®
At the reservoir scale, bulk flow is influenced by both intrinsic
and relative permeability. Relative permeability and capillary
pressure functions for hydrogen-water systems in sandstones
can be described using modified Brooks-Corey models,'**2%!
though their applicability to mafic and ultramafic rocks remains
uncertain, highlighting the need to develop validated models for
two-phase flow in mafic and ultramafic rock matrices and to
understand the coupling between matrix and fracture flow. Given
the low permeability of the rock matrix, hydrogen migration in mafic
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and ultramafic formations is likely dominated by flow in fractures
and faults. In addition to bulk flow, the hydrogen content in gaseous
and aqueous phases is critical for quantifying advective transport,
which requires thermodynamic modeling of mixtures.>*>>** Hydro-
gen solubility in water can be estimated using modified Henry’s
%% although deviations may arise under nanoscale
confinement.’**°® Solubility increases with pressure and
decreases with temperature.”” Thermodynamic models
describing interactions among hydrogen, CO,, CH,, and other
gases in the subsurface provide a framework for estimating
hydrogen content in gaseous mixtures.**>>%*

Finally, the relative importance of migration mechanisms
can be evaluated in the context of three common geologic
features: pore throats, fractures, and faults. In single-phase
systems (liquid or gas), hydrogen is transported by both advec-
tion and diffusion. The relative importance of advection and
diffusion can be quantified using the Peclet number (Pe), a
dimensionless ratio defined as Pe = uL/D, where u is the typical
velocity, L is the characteristic length, and D is the diffusion
coefficient. In pore throats (<2 pum), where the length scale is
below 2 um and the typical velocity is less than 1 x 10™* m s,
Peclet numbers are much less than 1, indicating diffusion-
dominated transport.>'® In fractures (0.1-1 mm), both advec-
tion and diffusion can be important depending on fracture
aperture and overall velocity. In faults (0.1-100 m), where
characteristic flow lengths are much larger, advection by bulk
flow is expected to dominate. A clear understanding of these
migration processes is essential for predicting hydrogen trans-
port in different geologic settings, supporting the identification
of potential accumulation zones and the assessment of geologic
hydrogen resources.

Law,

3.3. Trapping mechanisms

This section discusses three trapping mechanisms for geologic
hydrogen: structural and stratigraphic trapping, residual (capil-
lary) trapping, and solubility trapping, analogous to those
described for geologic CO, sequestration.>'’ Mineral trapping
is not considered here because most geochemical reactions
involving hydrogen do not lead to mineralization, unlike CO,.
Instead, reactions between hydrogen and minerals are
addressed later in Section 5.3 as a hydrogen loss mechanism.
It should also be noted that the context differs substantially
between the two systems. In CO, sequestration, these trapping
mechanisms are primarily evaluated in terms of enhancing
long-term storage security over different timescales.>"* In con-
trast, in geologic hydrogen systems, they are mainly considered
with respect to the formation of large, long-lasting natural
hydrogen accumulations and the implications for hydrogen
loss during extraction.

Structural and stratigraphic trapping plays a fundamental role
in the formation of large natural hydrogen deposits (Fig. 5).2**
Hydrogen generated at depth migrates upward; while some is
released to the atmosphere, it can also be trapped and accumu-
late in various subsurface environments when effective seals are
present. Structural traps are formed primarily by tectonic defor-
mation of rock layers. They can create enclosed spaces to retain
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hydrogen, such as anticlines, fault-bounded reservoirs, salt
domes, horst and graben systems, and tilted fault blocks.*'?
Stratigraphic traps arise from changes in lithology and deposi-
tional features. Examples include facies variations, karst systems,
and unconformities, all of which can influence hydrogen
entrapment.”’> An example that illustrates both structural and
stratigraphic trapping is the Bourakébougou hydrogen field in
Mali.®®*** Several geologic factors contribute to hydrogen trap-
ping in this field. First, dolerite plays a fundamental role in
sealing hydrogen. Free hydrogen gas in the upper reservoir is
retained by a thick dolerite sill that has a very low porosity and
fracture density.*"® This dolerite acts as an effective caprock that
does not allow hydrogen to escape as surface seepage. Second, an
antiformal or dome structure in the Souroukoto Group concen-
trates hydrogen once it encounters the low-permeability seal.””>"?
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Hydrogen gas migrates upward and is trapped in the crest of the
fold. Third, karstified carbonates provide high-porosity voids and
cavities that serve as storage space for hydrogen. Gas logging, well
imagery, and production testing confirm that hydrogen at shal-
low depth occurs as free gas in these large karstic voids.”” In
summary, the dolerite sill and the antiformal dome represent
structural trapping mechanisms, while the karstified carbonates
constitute a stratigraphic trapping component. It should be
noted that although faults are part of the geologic setting in
Bourakébougou and fault traps are common in hydrocarbon
systems, they are not considered the primary trapping mecha-
nism in this case. Instead, the faults in the Bourakébougou area
act mainly as migration pathways of hydrogen. Hydrogen is
generated at depth through processes like serpentinization, and
it moves upward through fracture networks and faults before
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being sealed by dolerite sills. The Bourakébougou field example
highlights the role of structural and stratigraphic trapping in
natural hydrogen systems. Structural and stratigraphic traps are
also critical in stimulated hydrogen production, where hydraulic
fracturing of mafic and ultramafic rocks can enhance perme-
ability and facilitate upward hydrogen migration, making low-
permeability overlying caprocks essential for containment.

Residual trapping is defined as the immobilization of a non-
wetting fluid (e.g., hydrogen) within the pore space of rocks by
capillary forces during water imbibition. At the pore scale,
capillary forces can snap off hydrogen into disconnected gang-
lia and bubbles that are difficult to mobilize, as observed for
CO,.>**215 This effect is most pronounced in small pores where
capillary forces dominate. At the reservoir scale, residual trap-
ping is represented by the hysteresis of relative permeability
and capillary pressure. A key parameter, the maximum residual
hydrogen saturation, has been reported to reach up to 44% in
sandstone,*'® though data for ultramafic formations remain
scarce. Residual trapping has dual implications: it reduces the
recoverable fraction of generated hydrogen but may also con-
tribute to accumulation by slowing seepage. Importantly,
immobilized hydrogen is not necessarily permanently trapped,
as recovery may be possible through CO, injection or other
techniques adapted from enhanced oil recovery.>'” Overall,
residual trapping is generally considered less favorable for both
natural and stimulated hydrogen systems.

Solubility trapping occurs when hydrogen dissolves in for-
mation water. The solubility of hydrogen is about two orders of
magnitude lower than that of CO,, making it a less pronounced
trapping mechanism than in CO, sequestration. Hydrogen
solubility increases with pressure, decreases with salinity, and
decreases with temperature.>*>*'® Dissolved hydrogen may be

(a) (b)
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partially lost during extraction, but it can also be co-produced
with formation water, although additional processing is required
for separation. An important process linking residual and solu-
bility trapping is Ostwald ripening, in which diffusive transport of
dissolved gas acts to equilibrate local capillary pressures and can
gradually remove trapped gas bubbles. At the pore scale, Ostwald
ripening can reach equilibrium over timescales of ~10 days,
whereas at the field scale it is estimated to take on the order of 10
million years for hydrogen, an order of magnitude longer than for
CO,.>" These contrasting timescales suggest that the coupling
between solubility and residual trapping is more relevant to
natural hydrogen accumulation over geologic timescales than
to stimulated hydrogen systems.

4. Exploration and prospecting
techniques for geologic hydrogen

Exploring and prospecting for geologic hydrogen involves
advanced techniques to identify sustainable and scalable
hydrogen resources. This process is illustrated in Fig. 6, which
outlines the key stages: preliminary investigation, deep explora-
tion and monitoring, and decision-making. While each stage
focuses on specific exploration techniques, the integration of
surface and subsurface data through advanced analysis meth-
ods enhances the overall effectiveness of hydrogen reservoir
discovery and monitoring.

4.1. Surface exploration techniques

The first step in hydrogen exploration is preliminary investiga-
tion (Fig. 6a), which focuses on surface exploration techniques
such as remote sensing and soil-gas sampling.”*® These

(c)
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Fig. 6 Key stages of the geologic hydrogen exploration workflow: (a) preliminary investigation using surface methods such as remote sensing and soil
sampling to identify potential areas; (b) deep exploration and monitoring employing geophysical techniques (e.g., magnetic, electrical, seismic, gravity,
and fiber optic sensing) to analyze subsurface formations and processes; and (c) decision making, where data integration with advanced technology (e.g.,
machine learning) supports the development of geologic models to predict hydrogen-rich zones. Real-time monitoring facilitates adaptive exploration

strategies, promoting sustainability and scalability.
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methods are non- or little invasive and offer scalable approaches
for identifying potential hydrogen seepage areas.

Remote sensing, which employs satellite imagery and aerial
photography, is particularly effective in detecting surface
anomalies like subcircular depressions, commonly referred to
as “fairy circles.” These features, observed in regions such as
the Carolina Bays in North Carolina (USA), the East European
Craton between Moscow and Kazakhstan (Russia), and the
Okakarara area in Namibia, are often associated with hydrogen
seepage through unconsolidated soils or sediments.'®>*8>2%!
For example, satellite imagery in Fig. 7a has tracked the
formation of seep features at sites like the Sdo Francisco Basin
in Brazil, where fairy circles have been identified as hydrogen-
emitting structures.'®® These surface expressions are visually
prominent and can span large areas, making remote sensing a
scalable and non-invasive method for geologic hydrogen detec-
tion. In addition, machine learning algorithms can further

< Petroleum wells
«==+= Darling fault from gravimetry data
I High density of circular surface features.
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enhance the accuracy of remote sensing detection by analyzing
extensive datasets.>*>

In addition to remote sensing, soil-gas sampling provides
direct geochemical evidence of hydrogen in the subsurface.
Samples are taken from areas identified by remote sensing, and
elevated hydrogen concentrations can confirm the presence of
seepage. For instance, studies in Brazil have documented both
spatial and temporal variability in hydrogen concentrations, ran-
ging from trace levels to over 99%, with higher concentrations
typically observed near the edges of subcircular depressions.®®?**
Soil-gas sampling yields crucial data for refining exploration
strategies. It can guide more targeted subsurface investigations,
such as identifying optimal drilling locations and mapping subsur-
face fault networks. The combination of remote sensing and soil
sampling creates an efficient and cost-effective approach for geo-
logic hydrogen exploration,”® providing broad-scale insights while
narrowing down specific regions for more detailed exploration.

\ i1y ey
Petroleum wells
| -----* Darling fault from gravimetry data
# 0 High density of circular surface features

Fig. 7 Hydrogen-emitting features detected through various geophysical methods. (a) Satellite image showing fairy circles in the Sdo Francisco Basin,
Brazil, highlighting the Campinas and Baru structures within a larger circular formation marked by the red dashed line (revised from Moretti et al.*®%). (b)
Seismic interpretation of line A88-112 in the North Perth Basin, Western Australia, showing major fault systems. (c) Gravity anomaly map (400 m grid) of
the Moora—-Pingarrega area in the North Perth Basin, Western Australia, showing the contrast between low-gravity areas (blue) in the sedimentary basin
and high-gravity areas (red and yellow) in the crystalline basement, with fault zones and circular structures like Yallalie 1 visible. (d) First vertical derivative
of the total magnetic intensity map of the same Moora region in Western Australia, showing circular magnetic anomalies and doleritic dikes, revealing
subsurface structures potentially associated with hydrogen generation and migration pathways along the Darling Fault Zone. (b)—(d) are from ref. 98.
Adapted and reproduced from ref. 98 and 183 with permission from Elsevier, copyright 2021.
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4.2. Subsurface exploration techniques

Once potential hydrogen seepage areas are identified through
surface techniques, the next step involves the use of integrated
geophysical imaging techniques to characterize hydrogen-
bearing formations and to image the spatial location of potential
geologic hydrogen reservoirs with high resolution (Fig. 6b).
Furthermore, geophysical monitoring techniques are required
to monitor the status of hydrogen reservoirs based on multiple
geophysical signals.

Integrated geophysical imaging combines various methods,
including magnetic, gravity, electrical, electromagnetic, and seis-
mic techniques. Each method offers unique target resolution and
localization capabilities. Among these, magnetic surveys are well-
established for detecting variations in the Earth’s magnetic field
caused by ferromagnetic minerals commonly associated with
ultramafic rocks. Identifying ultramafic rock formations through
magnetic surveys enables the delineation of zones with high
hydrogen generation potential, as demonstrated in the Samail
Ophiolite in Oman and other ultramafic regions worldwide.*
Gravity surveys, which measure variations in the Earth’s gravita-
tional field caused by differences in subsurface density,*** help
identify geologic structures such as basins and faults that can
trap hydrogen. This technique has been applied in areas like the
Kansas Basin, where gravity anomalies provided clues about
deep-seated hydrogen sources.””>*?® As shown in Fig. 7c and d,
gravity and magnetic surveys in the Moora region of the North
Perth Basin reveal subsurface fault systems, density contrasts,
and magnetic anomalies associated with hydrogen migration and
potential trapping pathways along structural features such as the
Darling Fault Zone.”® Electrical and electromagnetic methods
measure variations in subsurface conductivity.””” Hydrogen-
bearing formations often exhibit distinct electrical properties
due to their high fluid content, allowing these methods to help
identify potential hydrogen reservoirs. In Oman, for example,
conductivity anomalies in serpentinized zones under specific
hydrogeologic conditions have provided insights into ongoing
hydrogen generation processes.**®

While magnetic, electrical, and gravity methods provide
valuable information, they can only provide subsurface images
with a limited resolution compared to seismic method (Table S5)
due to their static or quasi-static field nature.??° Seismic methods
complement these techniques by using seismic waves to image
subsurface structures such as faults and traps that influence
hydrogen migration and accumulation.”®® Traditional seismic
migration methods can reveal subsurface variations and reflector
discontinuities.>*"***> For example, as illustrated in Fig. 7b, seis-
mic interpretation in the North Perth Basin reveals faulted
structures and layered stratigraphy associated with hydrogen-
emitting circular features.’® Recent advances in seismic imaging,
such as reverse-time migration®*>** and full-waveform
inversion,>**>** exploit full wavefields to enhance the resolution
of reflectivity images and inverted subsurface medium parameter
models. These methods produce higher-fidelity subsurface maps
that support more accurate identification of targets of interest.
Although these high-resolution, full-wavefield-based methods are
not yet widely used for imaging and locating potential hydrogen

This journal is © The Royal Society of Chemistry 2025
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reservoirs, they hold great promise. In particular, their ability to
incorporate seismic anisotropy into the imaging and inversion
process may further improve the localization of hydrogen-bearing
reservoirs within anisotropic, serpentinized source rocks.
Furthermore, recent machine learning models stemming from
computer vision can improve the accuracy of identifying preexist-
ing geologic faults from seismic images.>****" These faults may
act as pathways for hydrogen migration and are critical to
understanding where hydrogen accumulations may exist.*'

In addition to imaging subsurface structures and characteriz-
ing medium property variations, continuous monitoring of
hydrogen reservoirs is critical for understanding the dynamics
of stimulated hydrogen generation, migration, and extraction, as
well as for mitigating potential induced seismicity associated
with fracture stimulation and hydrogen extraction. While tradi-
tional sensors installed on the ground surface and within bore-
holes provide subsurface geophysical activity maps, emerging
sensing technologies, such as fiber-optic distributed acoustic
and temperature sensing,?**>** enable real-time monitoring of
induced microseismicity,”*> medium property changes,**° fluid
migration,>’” pressure changes, and temperature variations,
with a considerably reduced maintenance cost and denser cover-
age. Applied to hydrogen-bearing reservoirs, these geophysical
and hydrodynamical data can be essential for optimizing extrac-
tion, alarming undesired fracture creation, mitigating seismic
hazards, and ensuring sustainability. For instance, pressure mon-
itoring can reveal fluid migration pathways along faults and
fractures, while temperature monitoring helps assess the serpenti-
nization process, where hydrogen is generated through water—
mineral reactions.'”* Since elevated temperatures accelerate this
reaction, real-time thermal data are essential for managing pro-
duction rates.>*® Additionally, time-lapse electrical and magnetic
methods provide valuable insights by detecting changes in elec-
trical conductivity®®® and magnetic susceptibility,>*® which are
influenced by fluid saturation levels and ongoing serpentinization
in ultramafic rocks.*"**! These tools could enable reservoir opera-
tors to adjust extraction strategies proactively, enhancing produc-
tion efficiency and reducing environmental risks.

The application of these geophysical methods differs mark-
edly between natural and stimulated hydrogen systems. In natural
hydrogen exploration, these methods focus on identifying both
reservoirs and source rocks, similar to traditional hydrocarbon
exploration but adapted to hydrogen’s unique properties.*"***?>>?
In contrast, stimulated hydrogen systems require simultaneous
monitoring of both the ongoing serpentinization process in hard
rock formations and the resulting fluid dynamics.>>® This mon-
itoring must track not only the geochemical reactions occurring
during stimulation but also the associated geophysical changes
related to hydrogen extraction. The integration of time-lapse
geophysical measurement is particularly important in stimulated
systems, as it enables real-time characterization of ultramafic
source rocks and delineation of active serpentinization zones.
Temperature monitoring is also critical in stimulated systems, as
both injected water and serpentinization process alter the tem-
perature field within the source rocks, which in turn affects the
rate and efficiency of hydrogen generation.
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Despite their capabilities, these geophysical methods face
important limitations (Table S6) that present unique challenges
for geologic hydrogen exploration compared with conventional
resource prospecting. A fundamental challenge is that hydro-
gen systems operate differently from traditional oil and gas
reservoirs,*" where established geophysical signatures may not
directly apply. The non-unique nature of geophysical interpre-
tation becomes particularly problematic for hydrogen, as ultra-
mafic source rocks, serpentinization processes, and hydrogen
migration pathways can produce ambiguous signatures that
overlap with other geologic phenomena.”** Resolution limita-
tions pose heightened constraints for hydrogen exploration:
magnetic and gravity methods struggle to distinguish between
hydrogen-generating serpentinized zones and other magnetic
or density anomalies; electrical and electromagnetic methods
face difficulty differentiating hydrogen-related conductivity
changes from general groundwater or alteration effects; and
seismic methods can map structural frameworks but cannot
directly identify active hydrogen generation zones or distin-
guish between hydrogen-bearing and non-hydrogen-bearing
fault systems. Practical deployment challenges are amplified
in hydrogen exploration due to the remote locations of many
ultramafic terrains and the need for specialized monitoring of
dynamic hydrogen systems. Beyond these technical constraints,
hydrogen exploration faces unique risks, including false posi-
tives where serpentinization signatures may not correlate with
actual hydrogen accumulation, the ephemeral nature of hydro-
gen seepage that can lead to temporal variability in detection,
and the poorly understood relationship between surface expres-
sions and subsurface hydrogen resources.'®?

However, these challenges can be addressed through advanced
geophysical forward modeling approaches that enable sensitivity
analyses to determine under what geologic conditions geophysical
signatures become significant and detectable for hydrogen
systems.>*>*>® For example, in electromagnetic methods, state-of-
art modeling techniques such as the 3D adaptive finite element
method developed by Ren et al>* allow systematic sensitivity
analyses of EM responses to quantify the minimum contrast
requirements for detecting hydrogen-related geologic anomalies.
Similarly, integrated gravity and magnetic forward modeling data
analysis can help distinguish serpentinization-related anomalies
from background geologic noise.””® These hydrogen-specific lim-
itations underscore the critical importance of integrated, multi-
method approaches that combine complementary techniques
specifically adapted for hydrogen systems, supported by compre-
hensive forward modeling studies to optimize survey design and
interpretation workflows, as further discussed in the next section.

4.3. Future exploration workflow and data integration

As illustrated in Fig. 6c, the final stage of the exploration
process is decision-making, which involves integrating various
datasets to build comprehensive geologic models. This stage
emphasizes the importance of data fusion and machine learn-
ing in improving the accuracy and efficiency of hydrogen
exploration. Data fusion refers to the integration of datasets
from various exploration methods, including remote sensing,
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soil-gas sampling, and subsurface geophysical surveys. By
combining these diverse data sources, geologists can create
detailed subsurface models that reveal key features influencing
hydrogen generation and accumulation. The integration strat-
egy differs between natural and stimulated hydrogen systems.
In natural systems, the focus is on mapping source rock
distributions and potential accumulation zones, whereas in
stimulated systems, the emphasis shifts to real-time monitor-
ing of active hydrogen generation zones. This integrated
approach enhances the accuracy of exploration efforts and
supports the selection of target areas for further exploration or
drilling.”®

Machine learning plays a critical role in the decision-making
stage by analyzing the vast amounts of data generated during
exploration.>” Advanced machine learning algorithms can poten-
tially enable automated processing of large, multi-parameter geo-
physical datasets for hydrogen exploration.>***** Convolutional
neural networks (CNNs)-based workflows accelerate 3D seismic
fault interpretation compared with manual picking,****! support
electromagnetic inversion for delineating groundwater aquifers,”®*
and improve surface-feature detection in remote-sensing data.”**
Sequence models, including recurrent neural networks and Trans-
former architectures, have improved seismic phase picking,”*
microseismic-event detection during reservoir monitoring,>** and
noise suppression and pattern recognition in geophysical
signals.”®* In natural hydrogen systems, these algorithms help
identify relationships between surface indicators and deep geolo-
gic structures. In stimulated systems, they enable real-time opti-
mization of operational parameters and monitoring of reaction
processes. This data-driven approach enhances exploration strate-
gies, reduces operational costs, and increases the likelihood of
discovering viable hydrogen reservoirs. Furthermore, real-time
data integration allows for continuous monitoring of subsurface
conditions and supports adaptive exploration strategies. This
adaptability enables dynamic adjustments of exploration strategies
in response to evolving data, improving the overall efficiency of the
exploration process.*!

Future exploration workflows will likely focus on combining
multiple data sources in real-time to develop adaptive, integrated
exploration strategies. These workflows will merge surface and
subsurface data with continuous monitoring systems to enable
more efficient, cost-effective, and sustainable decision-making.
The integration of hard rock exploration techniques with tradi-
tional hydrocarbon system approaches will be crucial, as geologic
hydrogen systems incorporate characteristics of both mineral
and hydrogeologic systems. Techniques such as multi-scale
feature extraction and temporal consistency will enhance
exploration accuracy, contributing to improved resource man-
agement and environmental protection. In stimulated hydrogen
systems, particular emphasis will be placed on efficient geophy-
sical acquisition design and real-time monitoring capabilities to
reduce data collection costs while ensuring comprehensive
coverage. As these advanced methodologies continue to evolve,
they will play a vital role in the global energy transition by
unlocking the potential of geologic hydrogen as a clean and
renewable energy source.*!
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Table 3 Temperature and fluid composition for the serpentinization rates reported in Fig. 8

Experiment Temperature (°C)

Fluid composition

Martin and Fyfe*®® 200-350
Wegner and Ernst>®® 150-400

Lafay et al.*®’ 200
Malvoisin et al.>®® 350
Ogasawara et al.>*° 250
Lamadrid et al.>”° 280
McCollom et al.>*® 200-350
Huang et al.””* 300
Marcaillou et al.*”* 300

5. Geologic hydrogen production

The production rate of geologic hydrogen is a key factor in
assessing its practical and economic viability. Enhancing pro-
duction requires accelerating hydrogen generation, improving
extraction efficiency, and minimizing losses and associated
risks. Section 5.1 examines factors that control serpentinization
rates and highlights effective stimulation methods. Section 5.2
discusses extraction techniques, including drilling strategies,
reservoir management, and infrastructure deployment. Section
5.3 summarizes key risks and loss mechanisms associated with
geologic hydrogen production and presents corresponding
mitigation strategies.

5.1. Stimulated geologic hydrogen

This section first reviews the serpentinization rates reported in the
literature, along with the physical and chemical factors influencing
them. Physical factors include temperature and reactive surface
area, while chemical factors include pH and catalysts. Under-
standing the effects of these factors can guide the selection of
stimulation techniques to enhance hydrogen generation. Then,
the section reviews fluid transport processes and the reaction-
induced fracturing associated with serpentinization.
Temperature is a key physical factor influencing serpentini-
zation rates. McCollom et al.>*® reported that a temperature of
300 °C yields the highest reaction rate, while Templeton et al.*°
suggested 200-300 °C as the optimal range. A summary of
serpentinization rate measurements from various studies is
presented in Fig. 8, which highlights two main observations.
First, reaction rates increase with temperatures up to around
300 °C but decline at higher temperatures. This decline may
result from the thermodynamic stabilization of olivine, which
suppresses its dissolution and limits the release of Fe*" avail-
able for oxidation, thereby reducing hydrogen generation.>”*
Second, most reported rates are at temperatures above 200 °C,
measurements at lower temperatures (e.g., 100-200 °C) remain
scarce. Based on a geothermal gradient of 25-30 °C km ™", a
temperature of 200 °C corresponds to a depth of approximately
5.8-7 km, requiring costly deep drilling. Further investigation
of low-temperature serpentinization is needed, as hydrogen
production from shallower formations may offer economic
advantages. These observations also inform potential stimula-
tion strategies. In general, serpentinization and hydrogen pro-
duction rates increase with temperature below 300 °C. In

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Serpentinization rates (R) versus temperature (T) during experimental
serpentinization of olivine, compiled from multiple studies.2*3265-272 For
consistency, rates are standardized to units of mol m~2 s7%, although some
data were originally reported in % day™. Unit conversions follow Lamadrid
et al.?” Since the experiments were conducted under different fluid composi-
tions, interpretations should be made in conjunction with the fluid conditions
summarized in Table 3.

stimulated hydrogen projects, formation temperature could
be increased by (1) drilling to greater depths, (2) applying
external heating at shallower depths,*® or (3) utilizing exother-
mic heat released during mineral hydration.>”> However, these
approaches must be carefully accessed with respect to heating
efficiency, energy costs, and associated carbon emissions.
Reactive surface area is another important physical factor.
Laboratory experiments have demonstrated that smaller grain
sizes can enhance reaction rates due to a higher specific reactive
area.”*®2%7 Specific reactive area is usually quantified in terms of
the grain size of olivine in current studies.>*®*%” At 200 °C,
reducing the grain size from a mixture of 53-212 pm to below 53
pm has been reported to increase the serpentinization reaction
rate by about fivefold.>*® In the field, a potential stimulation
approach is hydraulic fracturing, which creates fracture net-
works and substantially increases reactive surface area. The
extent of this enhancement depends on the stimulated reservoir
volume and fracture conductivity, both of which are affected by
fracturing strategies and the mechanical properties of the rock.
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However, hydraulic fracturing is associated with potential seis-
mic risks, as discussed in Section 2.3. Experience from
enhanced geothermal systems has provided insights on mana-
ging induced seismicity risks.>’® Systematic site screening is
required to identify suitable stimulated hydrogen formations. In
regions with high seismic risks, careful seismic management is
a prerequisite for safe deployment.

In addition to physical factors, pH is an important chemical
control on serpentinization. Laboratory studies have shown that
reaction rates increase under high-pH conditions.”®!7%26%:267:277
This trend is observed within the pH range of 8-12.5 at
230 °C,"%*”® with reaction rates increasing by nearly 50-fold
from pH 8 to 12.5.*”” At pH 12.5, reaction rates range from
1.6 x 10 t0 2.6 x 10~® mol m * s~ for olivine grain sizes of
30-150 pm.**” The conditions for all reported measurements are
summarized in Table 3. It should be noted, however, that most
experiments have been conducted at high temperatures and with
limited fluid compositions, and therefore do not capture the full
parameter space of temperature and fluid chemistry. Broader
experimental studies are needed to evaluate serpentinization
rates under more representative conditions. In stimulated hydro-
gen projects, the desired high-pH conditions can be achieved by
injecting concentrated alkaline solutions, a technology already
applied in the oil and gas industry.””® However, the alkaline
concentration and injection volume must be carefully designed to
avoid potential pH loss®®* or scaling problems®® caused by
interactions between the injected alkali and the surrounding rock.

Catalysts represent another chemical factor influencing
serpentinization. Ni** ions and nickel-based molecular catalysts
have been reported as particularly effective in promoting reaction
rates.”"*% One study suggests that, at 90 °C, in the presence of
Ni** ions, the hydrogen generation in six hours is about 30 pmol,
whereas the control group without the catalyst produced only
about 0.2 pmol hydrogen.®* Although these results are promis-
ing, the experiment employed Fe(OH), as the starting material,*%"
whereas natural serpentinization typically initiates from olivine
(eqn (1)). Consequently, the experimental design does not fully
capture the complete serpentinization pathway, and further
studies are required to evaluate the applicability of nickel-based
catalysis under natural conditions. Batch-scale tests also indicate
that Cu®" can accelerate Fe** redox reactions, increasing hydro-
gen generation rates by nearly 50-fold.*®* Despite these advances,
there remains a lack of studies aimed at screening natural or
synthetic catalysts for serpentinization. Artificial intelligence (AI)
and large language model (LLM)-assisted approaches may accel-
erate this process by efficiently searching molecular databases to
identify effective candidates.****® In field applications, catalysts
could be introduced through injection fluids and act at reactive
interfaces to facilitate hydrogen generation. However, the effec-
tiveness of catalysts remains largely untested beyond laboratory
conditions, and challenges persist in scaling their performance to
reservoir-scale systems, including uncertainties in stability, reac-
tivity under varying geochemical conditions, and long-term
impacts.

In addition to optimized reaction conditions, a sustained
supply of reactant (water) to the reactive olivine surface is
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necessary to maintain continuous hydrogen generation. As
shown in Fig. 9a, scanning electron microscopy (SEM) char-
acterization has revealed a porous serpentine layer forming on
the olivine surface during serpentinization.®® Detailed micro-
scale characterization indicates that the generated serpentine
exhibits a needle-like pattern, with serpentine nodules pointing
outward from the olivine surface, as shown in Fig. 9b.>®” This
porous layer allows water to continue reaching the unreacted
olivine, thereby sustaining the serpentinization reaction.

Permeability and mass transport rates are not constant
during serpentinization but evolve as the reaction progresses.
Serpentinization is a solid-volume-expansion reaction, with
the extent of expansion depending on olivine composition.
For a fully serpentinized Mg-end-member forsterite, the theo-
retical volume increase is about 52%.'*” This volume increase
generates stress within the rock and can induce new fractures,
which enhance the transport of reactants to unreacted olivine.
Results from coupled hydro-mechanical-chemical modeling
indicate that reaction-induced fracturing provides positive
feedback for water supply. Notably, these reaction-induced
fractures often exhibit a “Frankenstein” pattern, characterized
by central veins lined with a secondary set of orthogonally
oriented cracks, as observed in both field studies and numer-
ical simulations (Fig. 10).

The fracturing behavior induced by solid-volume-expansion
reactions depends on the interplay between fluid flow rate and
reaction rate, as demonstrated by flow-through experiments on
an analog system involving the hydration of periclase (MgO) to
brucite (Mg(OH),) [MgO + H,0 — Mg(OH),].>"® In highly
permeable MgO samples, fluid flow is much faster than the
reaction, saturating the pore space before significant reaction
occurs. Once saturated, the reaction proceeds uniformly
throughout the sample. As the reaction extent is uniform at
the millimeter scale, the sample expands evenly as the reaction
proceeds. Consequently, strain gradients across the sample are
weak, and no macroscopic fractures are generated. Instead, the
reaction product, Mg(OH),, precipitates uniformly and clogs
the pores, thereby reducing permeability (Fig. 11a). In moder-
ately permeable samples, the fluid and reaction fronts advance
at similar rates. The reaction proceeds gradually as fluid moves
through the sample, creating a gradient in reaction extent from
inlet to outlet. Despite this, the reaction front remains relatively
uniform, producing only minor strain gradients and small
macroscopic or microscopic fractures (Fig. 11b). In imperme-
able samples, fluid flow is much slower than the reaction, and
fluid is consumed immediately upon reaching reaction sites.
This leads to a highly localized and heterogeneous reaction
front at the grain scale, generating large strain gradients
between reacted and unreacted zones. Expansion in reacted
areas imposes tensile stresses on adjacent nonreacted areas,
triggering macroscopic fracturing. These fractures facilitate
additional fluid ingress, which promotes further reaction and
brucite growth perpendicular to the fracture walls. This growth
of brucite induces continued expansion, widens the fractures,
and generates additional tensile stresses at the fracture tips,
driving further propagation (Fig. 11c). In the context of geologic
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(a) (i) Pre-reaction SEM characterization of a fresh natural olivine grain with a pre-existing microcrack. (ii) Post-reaction characterization of the

olivine grain covered by serpentine®®® (b) (i) Pre-reaction SEM—energy dispersive spectroscopy (EDS) characterization of olivine sand (Teton Supply
Company). Here, Fo, En, Di, and Sr* refer to forsterite, enstatite, diopside, and serpentine (pre-reaction or pre-existing), respectively. (ii) Serpentine
nodule formed on the olivine grain surface.?®” Adapted and reproduced from ref. 286 and 287 with permission from Multidisciplinary Digital Publishing

Institute and the American Geophysical Union, copyright 2018, 2025.

hydrogen systems, similar investigations are critical to under-
stand, control, and optimize serpentinization processes.

5.2. Extraction techniques

To date, millions of wells have been drilled for oil and gas
production, most of which are located in sedimentary rock
formations. In contrast, only a limited number of wells have
been drilled in mafic and ultramafic rock formations for pur-
poses such as mineral exploration,*®® geothermal energy,>**
scientific drilling,”**> and carbon mineralization.>®® Drilling
and completion in these formations present new challenges.
Due to the low permeability and crystalline nature of mafic and
ultramafic rocks, enhanced recovery methods such as horizon-
tal well systems®** and hydraulic fracturing®®® may be required
to improve hydrogen production and flow rates. Since geologic
hydrogen, like natural gas, is a subsurface-generated resource,
its extraction shares similarities with natural gas production.
Accordingly, technologies used for natural gas recovery may be
adapted and optimized for geologic hydrogen extraction.
Drilling and completion are crucial steps in accessing target
hydrogen reservoir formations through a wellbore. After dril-
ling, steel and cement casings are installed, typically in multi-
ple stages for deeper wells, to ensure well integrity and isolate

This journal is © The Royal Society of Chemistry 2025

different formation zones. Various well architectures can be
designed to optimize hydrogen production based on reservoir
characteristics. These range from simple vertical wells to more
complex directional, horizontal, and multilateral wells.>*®*?”
Although advanced trajectories increase the ability to reach and
maximize contact areas with the pay zone in complex geologic
settings, they also involve greater design complexity and higher
costs.>” Given the low permeability of host formations for
geologic hydrogen, directional, horizontal, and multilateral
wells may be preferred due to their larger contact area with
the reservoir. However, in vertically thick formations, a set of
vertical wells may offer comparable effectiveness at a lower cost.

During drilling operations, techniques such as measure-
ment while drilling (MWD),**® mud gas logging,>*® analysis of
drilling mud and drill cuttings,**® and drill core analysis®*" are
crucial for formation evaluation and assessing gas composition
in potential geologic hydrogen formations. Given the potential
hydrogen-induced corrosion to steel,>*>%* well tubing must be
corrosion-resistant. In oil and gas wells, hydrocarbons are
typically non-corrosive. Corrosion mainly arises from impuri-
ties such as hydrogen sulfide (H,S) and CO,, which, in the
presence of water, generate acidic environments.>> At geologic
hydrogen sites, beyond similar impurities,®" hydrogen itself can
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Fig. 10 (a) Drill core sections of Oman peridotite showing “Frankenstein”
fractures filled with serpentine, which appear light gray. (b) Fracture
propagation simulated using phase-field modeling.?®® As reaction-
induced stress increases, a second generation of cracks forms orthogon-
ally to the first, creating the characteristic cross-cutting “Frankenstein”
pattern. Adapted from ref. 288 with permission from the American Geo-
physical Union, copyright 2020.

accelerate corrosion by promoting anodic dissolution of steel
through alterations in oxidation and dissolution kinetics.>%*
Conventional mitigation strategies in oil and gas wells, such as
inhibitors or coatings that form protective or passive films on
steel surfaces,®*> may not be directly applicable in hydrogen
environments. This is because hydrogen can destabilize these
films by altering their composition, electrochemical properties,
and mechanical integrity.*°® Although simulations suggest
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graphene coatings could help mitigate hydrogen-induced cor-
rosion, practical demonstrations remain lacking.***> Further
research is needed to develop effective corrosion-mitigation
strategies for geologic hydrogen wells. In addition to corrosion
prevention, casing cement properties need to be engineered to
retard hydrogen transport and minimize potential leakage
through the annulus between rock and steel casing.**”°° Note
that hydrogen embrittlement may also affect well systems, but
research in this area is limited. Therefore, this review primarily
focuses on the effects of hydrogen embrittlement on pipeline
materials, as discussed in Section 6.

Enhanced recovery techniques, such as nitrogen gas
injection®'® and waterflooding,**" can be employed to maintain
reservoir pressure and improve hydrogen production. More
advanced methods such as foam-assisted enhanced recovery*'?
may further enhance hydrogen production. In tight mafic and
ultramafic rocks, hydraulic fracturing can be used to create
fracture networks that connect the wellbore to deeper reservoir
zones, increasing permeability and enhancing fluid flow. These
fracture networks also increase the reactive surface area by orders
of magnitude, making hydraulic fracturing a critical component
of stimulated hydrogen production in mafic and ultramafic
formations. A potential advantage of hydraulic fracturing for
hydrogen, compared with conventional hydrocarbon fracturing,
is that the injected water is chemically consumed in the serpen-
tinization reaction, resulting in much less contaminated flow-
back water that would require surface treatment and disposal.

Reservoir management is also a critical element for the
sustainable extraction of geologic hydrogen. As with oil and
gas reservoirs, routine seismic surveys and geologic mapping of
the target reservoir should be conducted to monitor reservoir
evolution over time.*"® Petrophysical analyses should also be
regularly performed during the drilling and production phases.
For example, core samples and well logging provide the materi-
als and data to understand the evolution of porosity, perme-
ability, and other petrophysical properties.*'* Integrating these
data with regional geologic information forms the basis for
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Fig. 11 Influence of the reaction rate to fluid flow rate ratio on the hydromechanical response to a solid—volume—expansion reaction [MgO + H,O —
Mg(OH),]. Experiments were conducted at 200 °C under a confining pressure of 20 MPa, with sample microstructures imaged by computed
tomography. (a) A small ratio in a highly permeable MgO sample leads to pore clogging and a two-order-of-magnitude decrease in permeability. (b)
A medium ratio in a moderately permeable sample leads to microscopic fracturing and a one-order-of-magnitude increase in permeability. (c) A large
ratio in an impermeable sample triggers macroscopic fracturing and a three-order-of-magnitude increase in permeability.>*°?®° Reproduced from ref.
210 with permission from the National Academy of Sciences; author permission also obtained. Copyright 2022.
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reservoir simulation, which can model fluid flow in the reser-
voir and predict production well performance.*’**'® During
production, well testing and analysis®’’*'® can be used to
determine reservoir conditions and flow characteristics, opti-
mize operational strategies, and validate reservoir simulation
results. Other monitoring techniques, such as downhole
sensors®'® and reservoir tracer tests,*?°?*! offer valuable
insights into changes in subsurface conditions and the evolu-
tion of preferential flow paths in the reservoir. The regional
geology and petrophysical data, gas production data, well test
data, reservoir simulations, and various subsurface monitoring
techniques collectively provide a comprehensive understanding
of reservoir behavior, supporting decisions on drilling new
wells or modifying existing ones.

The development and deployment of advanced digital infra-
structure in geologic hydrogen fields are important for ensur-
ing safe and sustainable extraction. Compared with natural gas,
hydrogen has a wider flammability range (4-75% by volume in
air) and can ignite at lower concentrations.**> Therefore, high-
sensitivity hydrogen sensor networks should be established in
the field for hydrogen leakage detection and prevention.*>*3>*
The digitization and automation of field operations enable real-
time situational awareness and optimized operational strate-
gies, contributing to continuous performance improvements.*>®
Al-assisted drilling and completion technologies, such as “Intel-
ligent Drilling and Completion”, aim to reduce operational
costs and improve efficiency,’®® and may play a vital role in
future geologic hydrogen extraction. The use of novel materials
in the field also enhances drilling and production efficiency. For
example, optimized drilling fluid properties contribute to better
control of the drilling process and reduce formation damage.**”
Advanced materials used in drill bits improve resistance to
harsh subsurface conditions such as high pressure, high tem-
perature, and the hardness of formation rocks,**® which are
typically encountered in deep mafic and ultramafic rock forma-
tions. Polycrystalline diamond compact (PDC)**® and impreg-
nated diamond bits**® are widely applied for drilling in hard
and abrasive rocks. Further improvements may come from
optimizing diamond concentration and granularity to increase
wear resistance and penetration rates®** as well as from better
cutter, blade, and insert designs for drilling super-hard rocks.**?

5.3. Risk assessment and management

This section discusses key risks and potential mitigation stra-
tegies in geologic hydrogen systems, along with an overview of
hydrogen loss mechanisms. Due to the complexity of the
system, risks are categorized by their associated processes. As
illustrated in Fig. 12, hydrogeologic, geomechanical, geochem-
ical, and biochemical processes are all involved and coupled in
a two-way manner.

Hydrogeology: Due to the large density difference between
hydrogen and water, buoyancy effects can dominate, potentially
causing hydrogen leakage through the caprock and upconing
around the wellbore.*** Additionally, the heterogeneous nature
of ultramafic rocks may lead to capillary trapping and, ulti-
mately, unrecoverable hydrogen.*** Mitigating these risks

This journal is © The Royal Society of Chemistry 2025
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requires high-quality reservoir pressure monitoring and pro-
duction rate optimization.**>?*® The use of horizontal wells is
another option to address issues related to upconing.**’

Geomechanics: In both natural and stimulated hydrogen
systems, continuous fluid injection can alter reservoir stress
over time, potentially triggering seismic activity'*"**®**° and
reactivating faults.*****> Hydraulic fracturing also carries the
risk of inducing micro-earthquakes. Decreases in reservoir
pressure caused by hydrogen leakage and production can lead
to the closure of hydraulic fractures, reducing hydrogen recovery
rates.>*® Accurate fault mapping and carefully designed injec-
tion profiles are therefore recommended to mitigate induced
seismicity.****** In practice, operational controls can include a
traffic-light protocol informed by high-sensitivity local seismic
monitoring, which defines site-specific actions when certain
earthquake magnitudes are exceeded.*'® To mitigate fracture
closure and conductivity decline, proppants can be added to the
working fluid to maintain fracture apertures,®*®*®

Geochemistry: The primary reaction in geologic hydrogen
systems is serpentinization, which involves the transformation of
olivine into serpentinite, accompanied by volume expansion that
may induce new fractures.”® These reaction-induced fractures
can increase the reactive surface area but may also create
preferential pathways for hydrogen leakage. The associated
volume expansion may lead to surface uplift, posing risks to
buildings and infrastructure. Hydrogen can also react with
various minerals,*****° and precipitation on mineral surfaces
can seal fractures and reduce permeability.>*" In addition, reac-
tions with sulfur-bearing minerals can produce hazardous H,S
gas.>*? Preliminary geochemical characterization of reservoir
mineralogy is therefore crucial for enhancing serpentinization
rates while minimizing undesirable reactions that result in
hydrogen loss and contamination.

Biogeochemistry: Subsurface microbes such as methano-
gens can consume hydrogen and convert it to methane, leading
to hydrogen loss and potential contamination.***>* This pro-
cess lowers the initial quality of hydrogen available for produc-
tion. Active microbial growth can also clog pore spaces, reduce
reservoir permeability, and decrease hydrogen recovery.?>>>>°
To mitigate these risks, operational conditions should be
adjusted to inhibit microbial activity. For instance, studies have
shown that most microbes cannot survive at temperatures
above 122 °C.**” Therefore, maintaining a high-temperature
environment or targeting deeper and hotter reservoirs may
reduce biogeochemical risks.

Hydrogen loss in geologic hydrogen systems primarily occurs
through three mechanisms: geochemical reactions, microbial
activity, and leakage via mass transport (including flow through
fractures or faults and diffusion). Among geochemical reactions,
carbonate minerals such as calcite can contribute to hydrogen
loss through calcite-dissolution-induced hydrogen dissociation.
The dissolution of calcite creates an alkaline environment that
promotes hydrogen dissociation, with an estimated loss rate of
approximately 0.32% per year.>® Hydrogen also reacts rapidly
with sulfate-bearing minerals such as pyrite, producing toxic H,S
that negatively affects both extraction and the environment.**
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Reduction of iron and sulfate minerals can contribute to losses of
1-4% annually, with higher rates in iron-rich formations. By
contrast, hydrogen is less reactive with silicate minerals; geochem-
ical simulations suggest annual losses of only 0.024-0.092% in
quartz-rich sandstone reservoirs.>®® Geochemical reactions
between hydrogen and caprock minerals can also alter caprock
properties, including permeability and wettability. Increased per-
meability facilitates hydrogen penetration into the caprock, while a
less water-wet rock surface weakens capillary trapping.*®*3®!
Microbial consumption of subsurface hydrogen can range widely,
from 3% to as high as 50%.7**%® Notably, most existing studies
focus on hydrogen loss in sedimentary rocks, which are the
primary targets for underground hydrogen storage. Studies on
hydrogen loss in mafic and ultramafic rocks remain scarce. Losses
due to hydrogen transport through fractures and faults, whether
natural or reaction-induced, depend on fracture or fault perme-
ability. Highly fractured formations can exhibit permeabilities on
the order of 10~ ? m? which may facilitate hydrogen leakage.**>%
Diffusion-related losses are comparatively minor, typically less
than 0.1%.°°® From an engineering perspective, additional losses
include unextractable hydrogen due to residual trapping. Residual
hydrogen saturations as high as 44% have been reported in

10012 | Energy Environ. Sci., 2025, 18, 9991-10035

sandstones,**®

lacking.

Hydrogen losses are influenced by temperature, pressure,
and rock type and composition. Temperature directly affects
the geochemical reactivity of hydrogen. Higher temperatures
accelerate reaction rates and thus increase hydrogen consump-
tion. For instance, the rate of pyrite reduction increases within
the range of 120-180 °C.>*” Pressure also impacts reaction
kinetics, with the reduction rate of magnetite by hydrogen
reported to increase fivefold as pressure rises from 3 to 8
MPa.**® Faster reaction rates under such conditions therefore
translate to higher hydrogen losses. Both temperature and
pressure can also alter microbial communities, which in turn
affects the rate of hydrogen consumption and the extent of
hydrogen loss. A detailed review of microbial hydrogen con-
sumption is provided by Thayson et al**° Rock type and
composition determine the reactive mineral and microbial
species present, thereby controlling the pathways and rates of
hydrogen consumption. Rock structure controls residual
trapping behavior and thus the extractable hydrogen amount.
Overall, hydrogen loss is governed by the interplay of thermal,
pressure, geochemical, microbial, and structural factors,

though data for mafic and ultramafic rocks are

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ee02910d

Open Access Article. Published on 27 October 2025. Downloaded on 4/11/2026 11:09:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & Environmental Science

underscoring the need for integrated evaluation when asses-
sing potential geologic hydrogen sites.

6. Pipeline transportation of geologic
hydrogen

Geologic hydrogen transportation is critical for building reliable
supply chains and supporting the hydrogen economy. Common
methods for transporting hydrogen include gaseous hydrogen
pipelines, ammonia-based transport, liquified hydrogen, and
liquid organic hydrogen carriers.*”® Among these, gaseous hydro-
gen pipelines are generally considered as the most cost-effective
for large-scale, long-distance transport,*”® with estimated costs of
approximately $0.62 kg™ for a transport distance of 1000 km, at
least 60% lower than other methods®”* (detailed cost analyses are
provided in Section 5 of the SI). Given this cost advantage,
gaseous hydrogen pipelines are the primary focus of this section.
This section reviews critical aspects of geologic hydrogen pipeline
transportation, including adaptation and construction of infra-
structure, pipeline materials and safety requirements, and eco-
nomic considerations.

6.1. Infrastructure and adaptation

A typical hydrogen pipeline system comprises compressor sta-
tions, transmission pipelines, regulator stations, distribution
pipelines, valves, metering devices, and pigging facilities.>”>*"*
The transportation requirements for hydrogen share similari-
ties with those of natural gas, allowing for the retrofit of
existing natural gas infrastructure to accommodate geologic
hydrogen transportation.*”>*”* When retrofitting natural gas
pipeline systems for hydrogen use, special attention should be
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given to distribution pipelines, regulator stations, transmission
pipelines, and compressor stations.*”*?”>

Distribution pipelines are low-pressure pipelines that deli-
ver hydrogen to end users.?”® Natural gas distribution pipelines
are well-established in populated areas, particularly in large
urban centers, making them readily adaptable for hydrogen
distribution through retrofitting.’”> The low operating pressure
of these pipelines mitigates the risk of pipeline failure during
retrofitting.>”>*”” To meet specific distribution pressure
requirements, natural gas distribution pipelines are typically
aligned with regulator stations to reduce gas pressure.’”>>”%
Experiments have shown that existing pressure regulators pose
relatively low risks when transitioning from natural gas to
hydrogen distribution.?”**’® Therefore, natural gas distribu-
tion pipelines, along with their associated pressure regulators,
can be retrofitted for geologic hydrogen distribution with
minimal new construction requirements.*”>>”®

Transmission pipelines are high-pressure, high-capacity
pipelines that transport hydrogen from production sites to
distribution centers.>’® Most natural gas transmission pipe-
lines are constructed near oil and gas reservoirs (Fig. 13),
typically in sedimentary formations.’”® In contrast, geologic
hydrogen formations are generally associated with mafic and
ultramafic rocks,"”*! resulting in limited spatial overlap with
existing natural gas transmission networks (Fig. 13). For example,
while the United States has approximately 300 000 miles of natural
gas transmission pipelines, most are concentrated around the Gulf
of Mexico and the Great Lakes.>”>*”” Potential geologic hydrogen
sites, however, are mainly located along the U.S. East and West
Coasts (Fig. 13). This geographic mismatch limits opportunities to
retrofit natural gas transmission pipelines for geologic hydrogen.
By comparison, industrial hydrogen produced by SMR is often

B Oil and Gas Wells

Fig. 13 Spatial distribution of oil and gas wells,*%**82

B Mafic/Ultramafic Rocks

potential geologic hydrogen formations,

— Major Natural Gas Transmission Pipelines

837385 and major natural gas transmission pipelines in the

United States.*86387 A geographic mismatch exists between potential geologic hydrogen sites and existing natural gas transmission pipelines.
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co-located with natural gas transmission pipelines, which can be
more readily adapted for hydrogen transport. Green hydrogen
production via electrolysis is typically sited in regions with abun-
dant freshwater and electricity.*®® These contrasts highlight how
the geographic distribution of geologic hydrogen differs from
other hydrogen production pathways, leading to distinct require-
ments for transmission infrastructure.

Compressor stations are essential for maintaining gas pres-
sure and ensuring efficient transportation through transmission
pipelines.’”**”> Reciprocating and centrifugal compressors are
commonly used in gas transmission, each suited to different flow
rates.’”>¥773% Reciprocating compressors, typically used for
lower flow rates, can be easily adapted to accommodate various
gases, making them suitable for hydrogen compression with
minor modifications.>”*?”7*%® In contrast, centrifugal compres-
sors, designed for higher flow rates, are more sensitive to the
specific gas they compress.’”>?””*%® Since the pressure genera-
tion of centrifugal compressors depends on the centrifugal force
generated by the impeller, hydrogen’s lower density requires
higher impeller speeds to achieve the same pressure as natural
gas, potentially exceeding compressor design limits and posing
operational risks.’”>*%® Consequently, existing centrifugal com-
pressors may require major upgrades or even replacement for
geologic hydrogen transportation.*”>%

Additionally, hydrogen’s low volumetric energy density
means that achieving energy flow rates comparable to natural
gas requires much higher volumetric flow rates, which lead to
greater pressure drops over long distances and higher pressure
demands.*®® Studies indicate that delivering the same energy
output as natural gas requires approximately 260% of the com-
pressor power when transporting hydrogen.**® This implies that,
under the same unit compressor capacity, at least 2.6 times as
many compressors are needed for geologic hydrogen to match
natural gas energy delivery.

6.2. Material and safety requirements

Hydrogen embrittlement is a critical concern for steel pipelines
used in geologic hydrogen transportation, as it reduces steel
ductility and increases its susceptibility to brittle fracture
(Fig. 14), thereby compromising structural integrity and long-
term reliability. This process begins when hydrogen dissociates
into atomic form at the surface of specific metals, generating
surface pressure that facilitates the migration of hydrogen into
the material. As hydrogen migrates, it can create internal pres-
sure within the metal, ultimately leading to structural failure.***
Transmission pipelines, primarily constructed of steel and oper-
ating under high pressure, are particularly susceptible to hydro-
gen embrittlement.>”>*%> Three primary methods exist to
mitigate hydrogen embrittlement: the first two apply to both
new pipeline construction and retrofitting existing pipelines,
while the third is mainly used for new construction.

The first method for mitigating hydrogen embrittlement
involves using low-strength steel pipelines because high-strength
steel, classified under current grading criteria, often contains
microstructures such as acicular ferrite or martensite that are
highly susceptible to hydrogen embrittlement.**> However,
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Fig. 14 Loss of ductility in X65 pipeline steel due to hydrogen embrittle-
ment. This is a magnified SEM image of the fracture surfaces obtained from
slow strain rate tensile (SSRT) tests.>** The left half of the image shows the
steel tested in an inert environment, exhibiting typical ductile cracking. The
right half shows the same steel after electrochemical hydrogen charging,
exhibiting more brittle behavior and reduced ductility. Adapted from ref.
395 with permission from Springer Nature, copyright 2024.

employing low-strength steel pipelines may limit operating pres-
sure and, consequently, reduce the hydrogen transport rate.****%
Additionally, due to variations in manufacturing processes, low-
strength steels of the same grade can exhibit different suscept-
ibilities to hydrogen embrittlement, posing challenges to main-
taining consistent performance and reliability. Therefore, new
pipeline criteria are needed to evaluate the suitability of steel for
hydrogen transportation, focusing on both material composition
and resistance to hydrogen embrittlement to ensure safety and
efficiency.’*

The second method involves blending hydrogen with inhi-
biting gases, such as natural gas, oxygen, carbon monoxide, or
sulfur dioxide, to reduce direct steel exposure to hydrogen.**®
Natural gas has been most commonly proposed.®’?37327> Exist-
ing projects and studies indicate that blending hydrogen with
over 70% natural gas by volume can mitigate hydrogen embrit-
tlement while maintaining safe transport in existing natural gas
pipelines with minor modifications.>”*?””?% However, using
natural gas as an inhibitor raises three concerns. First, blending
large fractions of natural gas with hydrogen lowers the Joule-
Thomson coefficient of the mixture, thereby reducing the cooling
that occurs during pressure reduction.**® Consequently, greater
decompression is required to achieve the same temperature
drop, which may necessitate upgrades to regulator stations.**®
Second, hydrogen purity is reduced, which can add purification
costs for end uses that require high-purity hydrogen. For exam-
ple, ammonia and methanol synthesis typically demand hydro-
gen purities approaching 99% by volume.'®® An economic
analysis suggests that blending hydrogen with 90% natural gas
by volume could increase purification costs by approximately
$3 kg~ ' H,, although the exact costs depend on blending ratios
and purification methods.**® Third, most geologic hydrogen
formations do not coincide with hydrocarbon reservoirs,
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complicating the availability of natural gas for blending. An
alternative approach is to blend hydrogen with approximately
0.015% oxygen by volume, which may also mitigate
embrittlement.**** Although introducing oxygen into hydrogen
systems may appear risky, this trace addition still yields a mixture
containing more than 99% hydrogen by volume, which lies outside
the flammability range of 4-75% hydrogen by volume in air.**?
This approach has been tested in laboratory experiments,**® but its
safety and effectiveness remain uncertain due to limited data and
the absence of large-scale demonstrations.>*>*%°

The third method involves applying an inner coating to the
pipeline. Materials with low hydrogen permeability, such as poly-
ethylene, polyvinyl alcohol, aluminum, and zinc, can act as physical
barriers between hydrogen and steel, thereby reducing hydrogen
embrittlement.>”***® However, since these coatings are typically
applied during pipeline production, this method is primarily
applicable to new transmission pipeline construction.>”

Due to hydrogen’s high flammability and potential indirect
greenhouse effects, hydrogen leakage is another concern for
geologic hydrogen transportation.®*?*7>%°1 Hydrogen leakage
primarily occurs in both transmission and distribution pipe-
lines. Although various leakage prevention methods have been
developed, including adding extra supporting structures for the
pipeline valves and joints®*’®> and increasing the in-line inspec-
tion frequency,””® hydrogen’s high diffusivity and low density
necessitate the installation of effective leakage detection sys-
tems for hydrogen transportation. Hydrogen leakage detection
systems generally consist of two key components: a leak alarm
to signal abnormal hydrogen levels within the pipeline and a
leak localization system to pinpoint the leak source.*®* Current
hydrogen leakage detection efforts primarily focus on its flamm-
ability, with most detectors set to a sensitivity threshold above 4%
hydrogen by volume.**® Although emissions below this level are
generally considered non-hazardous,*”> such leaks can still have
negative climate impacts.*** As hydrogen has indirect greenhouse
effects, accurately assessing its climate impact requires further
research. However, current model estimates suggest that leaking
1 kg of hydrogen has a global warming potential equivalent to
approximately 4 to 12 kg of CO,.**> Furthermore, with a hydrogen
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transportation system experiencing a leakage rate of 1% to 3%,
emissions from geologic hydrogen could offset 1.2% to 11.2% of
the CO, reductions achieved by replacing natural gas with
hydrogen.’®® These findings highlight the need for highly
sensitive detectors capable of identifying hydrogen leaks at low
concentrations.**>

6.3. Economic considerations

This section reviews the economic considerations of geologic
hydrogen pipeline transportation from three perspectives:
infrastructure costs, hydrogen energy demand, and relevant
transportation policies. In addition to the transportation eco-
nomics, it also discusses existing techno-economic analyses
(TEAs) that evaluate the broader feasibility of natural and
stimulated hydrogen development.

In terms of infrastructure costs, the pipeline system constitutes
a major share of overall expenditure.*”” Transmission pipelines
require greater attention than distribution pipelines, as most
existing natural gas distribution pipelines may be retrofitted for
hydrogen at relatively low cost, about 15% of the expense of
retrofitting an equivalent length of transmission pipeline and
roughly 5% of the cost of constructing a new transmission pipeline
of the same length (Fig. 15a).>”>*°® Transmission pipeline costs
arise from either retrofitting existing natural gas pipelines or
building new ones. The costs of retrofitting versus new construc-
tion depend on factors such as pipeline diameter, pressure,
material quality, and overall condition, but retrofitting is generally
much cheaper than new construction (Fig. 15a). However, as
discussed in Section 6.1, geologic hydrogen development typically
requires the construction of new transmission pipelines. The costs
of new construction include materials, labor, compressors, right-
of-way, and miscellaneous expenses.’”” Among these, materials,
labor, and compressors are the largest contributors, accounting for
approximately 31%, 29%, and 22% of total capital costs, respec-
tively (Fig. 15b).*"” Given the susceptibility of hydrogen transmis-
sion pipelines to embrittlement, cost estimates remain highly
variable and depend on the mitigation strategies employed.*®

In addition to infrastructure costs, hydrogen demand also
influences the economics of geologic hydrogen transportation.

(b)

__Right-of-way

Miscellaneous

Materials

Compressor

Labor

Fig. 15 (a) Capital costs for retrofitting and constructing new transmission and distribution pipelines for hydrogen.*°® Each bar shows the average capital

cost, with range bars indicating variability. (b) Capital cost percentage breakdown for new hydrogen transmission pipeline construction.
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Since geologic hydrogen is closely associated with mafic and
ultramafic rocks, its production is often limited to specific
regions, which may be far from areas of high hydrogen demand,
thereby increasing transportation costs.'” For instance, in the
United States, most potential geologic hydrogen formations are
located along the East and West Coasts, whereas the current
highest hydrogen demand is centered around the Gulf of Mexico
due to the region’s concentration of petroleum refining and
chemical manufacturing industries.*’® Transporting geologic
hydrogen to these high-demand regions requires costly long-
distance transmission pipelines. Similarly, in Europe, countries
including Germany, Poland, and the Netherlands have the high-
est hydrogen demand,'® whereas potential geologic hydrogen
formations are primarily in the Nordic countries.*'* This geo-
graphic mismatch adds to the cost and complexity of transport-
ing geologic hydrogen over long distances, reducing economic
feasibility. A preliminary economic analysis conducted in this
study (SI Section 5) suggests that pipeline transportation over
distances of approximately 800 km for natural hydrogen and
1600 km for stimulated hydrogen results in delivery costs com-
parable to their respective production costs. Note that this
analysis is preliminary and relies on simplified assumptions,
and the results should therefore be interpreted with caution until
validated by more comprehensive techno-economic assessments.
One potential alternative is to co-locate hydrogen-consuming
facilities near geologic hydrogen sources.'”> Currently, most
industrial hydrogen consumers are located close to production
sites to reduce transportation costs, and the same strategy could
apply to geologic hydrogen.'”> However, as hydrogen demand
grows, large urban areas with substantial potential hydrogen
end-user bases will still require long-distance transportation
because geologic hydrogen sites are unlikely to be located near
major population centers, as discussed in Section 2.3.">*7>*1
Despite these challenges, government policy incentives may
help offset transportation costs and improve the economic
outlook for geologic hydrogen. By the end of 2023, more than
58 countries had proposed strategies to support low-emission
hydrogen production and transportation, which could also
benefit geologic hydrogen transportation.'> For example, the
U.S. government launched the Regional Clean Hydrogen Hubs
program, allocating up to $7 billion to support projects on clean
hydrogen production, transportation, and storage, aiming to
establish a national clean hydrogen network."” While primarily
focused on other hydrogen sources, this infrastructure could
potentially be adapted for geologic hydrogen. Two selected
regional hubs, the Heartland Hydrogen Hub and the California
Hydrogen Hub, are located near potential geologic hydrogen
formations (Fig. 13), which may offer opportunities to reduce
transportation costs and enhance economic viability.*"* Simi-
larly, the European Union has proposed the European Hydrogen
Backbone project, which aims to build hydrogen transmission
pipelines across 28 European countries to ensure a secure,
efficient, and sustainable hydrogen supply.*** This infrastruc-
ture could also be used for geologic hydrogen transportation in
Europe, reducing the need for new pipeline construction. In the
Middle East, Oman announced a 2000 km hydrogen pipeline
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construction plan to connect with nearby countries such as the
United Arab Emirates."” Although designed primarily for green
hydrogen, it might also support geologic hydrogen transporta-
tion within Oman, especially given that the Samail ophiolite has
been identified as a promising site for geologic hydrogen
production.*'?

Beyond transportation economics, this section also reviews
comprehensive TEAs of both natural and stimulated hydrogen,
given their importance in assessing the overall feasibility of
geologic hydrogen development. Several studies have evaluated
the economic viability of natural hydrogen®'***® and stimulated
hydrogen® proposing techno-economic analysis (TEA) workflows
for geologic hydrogen production that incorporate key processes
such as drilling, hydraulic fracturing, extraction, and
purification.””**3® Sensitivity analyses have been performed on
major factors influencing production costs, including well pro-
duction rate, hydrogen purity, and serpentinization efficiency in
stimulated hydrogen systems. providing valuable insights into
the economic feasibility of geologic hydrogen.>*® However,
limitations and knowledge gaps remain in existing TEAs.

First, most current studies rely on assumptions that remain
unvalidated. For natural hydrogen, the produced gas composi-
tion is often assumed to remain constant throughout the
production period, typically based on limited natural hydrogen
gas samples.”"*® Similarly, well production rates are usually
treated as constant at the wellhead over a fixed period, without
accounting potential production decline that may occur during
the operational period.”™*® For stimulated hydrogen, produc-
tion estimates depend on serpentinization efficiencies that are
generally derived from laboratory experiments and may not be
directly transferable to field conditions.> To enable more
robust TEAs, future studies should prioritize acquiring field
data to validate these assumptions. Where validation is not
feasible, uncertainty quantification should be applied to estab-
lish cost ranges that reflect the variability and uncertainty in
the estimates.

Second, although current TEAs of geologic hydrogen pro-
duction include sensitivity analyses, they only employ local
sensitivity analysis,”"**° in which parameters are varied indi-
vidually around a base case while holding all other inputs
constant. Such approaches are useful for identifying the relative
influence of single parameters, such as hydrogen purity, well
production rate, or serpentinization efficiency, on the levelized
cost of geologic hydrogen.>"*° However, the limitation of local
sensitivity analysis is that it neglects parameter interactions."'®
As a result, the derived cost sensitivities may misrepresent the
true variability and complexity of geologic hydrogen production
models, particularly when parameter interactions are strong.
Future studies should therefore incorporate global sensitivity
analysis methods to capture both individual effects and para-
meter interactions, thereby providing a more comprehensive
and robust assessment of the factors influencing geologic
hydrogen production costs.

Third, current studies often oversimplify the cost estimation
of drilling and hydraulic fracturing. For instance, while many
TEAs acknowledge the need for specialized drilling in natural
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hydrogen recovery and hydraulic fracturing in stimulated
hydrogen production, they often adopt simplified cost assump-
tions, such as assigning constant costs for wells drilled*' or
estimating well costs solely as a function of depth while fixing
depth across all sites.”® Although these approaches provide
useful early-stage cost estimates, they overlook critical factors
such as drilling strategy (e.g, horizontal versus vertical
wells)*'”*'® and well configurations (e.g., doublet or multi-well
systems),*"® both of which can substantially affect the total cost of
geologic hydrogen production. Similarly, hydraulic fracturing is
often represented by a uniform cost value, independent of site-
specific conditions.”* Although aligning hydraulic fracturing
costs with those of enhanced geothermal systems offers a con-
venient reference, given their similarities in depth and geologic
setting,?° cost evaluations should be refined through case-specific
analyses. These analyses should consider formation characteris-
tics and target depth to inform the design of hydraulic fracturing
parameters such as number of perforation clusters, fracturing
stages, and fracturing fluid selection.*>***! Future studies should
therefore account for cost variations associated with different
well designs in geologic hydrogen production and, for stimulated
hydrogen, incorporate site-specific fracturing designs that reflect
local formation characteristics. Such case-by-case evaluations will
yield more accurate capital cost estimates for geologic hydrogen
site development.

Fourth, current TEAs primarily consider geologic hydrogen
production as a standalone process. However, since geologic
hydrogen is closely associated with mafic and ultramafic rocks,
which are also prospective for CO, sequestration®?? and
geothermal development,*** hybrid systems that integrate geo-
logic hydrogen production with CO, sequestration or geother-
mal recovery represent an important but largely unexplored
opportunity. Future TEAs should therefore evaluate such hybrid
scenarios and quantitatively assess their potential impacts,
including the benefits of co-produced geothermal energy and
carbon tax credits associated with CO, sequestration, on the
overall economics of geologic hydrogen production.

7. Research roadmap and future
perspectives

This section outlines a potential research roadmap for geologic
hydrogen and discusses future perspectives. Key elements of
geologic hydrogen development include resource discovery,
hydrogen extraction, hydrogen transportation, and system-
level analyses. In addition, since the field of geologic hydrogen
spans geology, geochemistry, geophysics, reservoir engineering,
infrastructure design, environmental science, and TEAs, this
section also emphasizes the interdisciplinary nature of future
research needs.

7.1. Resource discovery

Source rock-centered exploration: Shifting from reservoir-
centered to source rock-centered strategies represents a pro-
mising approach for identifying hydrogen-generating
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formations. This involves using geophysical tools to delineate
ultramafic rock formations where serpentinization occurs,*'
improving exploration for both natural and stimulated hydrogen.

Integration of geophysical methods: Future efforts should
focus on developing geophysical technologies that integrate
gravity, magnetic, electromagnetic, and seismic data to enable
comprehensive imaging of geologic hydrogen systems. These
methods are critical for locating natural hydrogen accumula-
tions and monitoring stimulated hydrogen production.

High-resolution and efficient data acquisition: Advanced
acquisition techniques such as ergodic sampling should be
deployed to enable cost-effective, large-scale data collection.
These methods can enhance the resolution of geophysical data
and enable broader exploration over larger areas.

7.2. Hydrogen extraction

Innovations in well architectures: Advancing drilling and com-
pletion technologies in mafic and ultramafic formations is
critical. Optimizing well architectures, including horizontal
wells, large displacement wells, and multi-lateral wells, can
maximize contact with reactive formation rocks, improving
hydrogen yield and operational efficiency.

Advanced recovery methods: Enhanced hydrogen recovery
techniques, such as hydraulic fracturing, gas injection, chemical
injection,?"” are needed to increase hydrogen recovery. Addition-
ally, reservoir management technologies that enable real-time
adaption of operational parameters for hydrogen reservoirs***
can enhance the production rate and further improve economic
viability.

Real-time monitoring and leakage detection: High-resolution
monitoring systems that integrate geophysical and geochemical
data should be developed to detect hydrogen leakage at fine
spatial and temporal scales.**>**” These systems are essential
for minimizing hydrogen losses and mitigating potential envir-
onmental impacts.

Mitigation of induced seismicity and surface uplift: Future
research should address the risks of induced seismicity and
surface uplift in stimulated hydrogen systems. Injecting and
fracturing rocks in stimulated hydrogen systems could trigger
induced seismicity,"****° which highlights the need for real-time
pressure and stress monitoring as well as optimized injection
strategies. Surface deformation is another concern, since rock
expansion during serpentinization may lead to uplift that dis-
rupts infrastructure. Geomechanical modeling is required to
estimate the magnitude and distribution of uplift prior to stimu-
lation, while continuous surface and subsurface monitoring can
track deformation in real time and inform injection rate
adjustments.**® In the longer term, offshore geologic hydrogen
production represents a promising option, as uplift beneath the
seafloor poses fewer risks and offshore settings often combine
thin crust with abundant water that favor serpentinization-driven
hydrogen generation.

7.3. Hydrogen transportation

Retrofitting and managing pipeline infrastructure: There is a
need to conduct thorough analyses to evaluate the feasibility of
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retrofitting existing natural gas pipelines for geologic hydrogen
transportation. This assessment should include both transmis-
sion and distribution pipelines,®’*3”* considering the pipeline
location, the material suitability for hydrogen transportation,*?
and infrastructure adaptability. This approach will reduce costs
by utilizing existing pipeline infrastructure for hydrogen
transportation.

Advancing pipeline leakage detection: The sensitivity of
hydrogen leakage detection systems should be improved to
prevent leaks and mitigate hydrogen’s potential greenhouse
effects.’”>*%® This will involve the development of real-time
sensor networks integrated with Al-driven analytical tools.
These technological advances will enhance operational relia-
bility and bolster public and regulatory confidence in hydrogen
infrastructure.

Mitigating hydrogen embrittlement: A standardized grading
system for evaluating pipeline materials for hydrogen transport
based on composition and manufacturing is needed. Efforts of
embrittlement mitigation should focus on creating more resistant
materials, formulating effective gas inhibitors,****”> and improv-
ing inner coating applications for existing pipelines.’”**%® These
improvements will enhance the integrity and safety of hydrogen
transportation pipelines.

7.4. System-level analysis

Holistic TEA: Developing robust TEA workflows for geologic
hydrogen projects that account for dynamic market conditions**’
and evolving technological advancements is essential for informed
decision-making and project development. These analyses should
also incorporate sustainability assessments, evaluating environ-
mental and social impacts of hydrogen extraction and
utilization,'%%*1443% Cyrrent TEAs often rely on unvalidated
assumptions, which introduce considerable uncertainty. Future
studies should prioritize systematic uncertainty quantification and
the acquisition of field data to validate assumptions and establish
cost ranges that more accurately reflect variability and risk.

Comprehensive system modeling for geologic hydrogen:
Future research should focus on developing comprehensive
system modeling for geologic hydrogen that integrates multi-
scale data and real-time acquisition to enhance predictions and
operational strategies. The use of machine learning will refine the
modeling of complex geologic interactions, optimize hydrogen
production, and ensure environmental and economic viability.
These strategies will support the sustainability of geologic
hydrogen.

Resource potential and renewability: Universal standards are
needed for evaluating extractable hydrogen and renewal rates at
the reservoir scale. At regional and global scales, exploring
resource distribution and developing metrics for evaluating the
resource potential and identifying the renewable regions will
promote consistency and sustainability in practice.*>'* These
strategies will collectively enhance the reliability and scalability
of geologic hydrogen as a key component of the global energy
transition.

In addition to the above aspects, the field of geologic hydro-
gen also presents substantial opportunities for interdisciplinary
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research. Progress requires integrating geology, geochemistry,
geophysics, hydrology, and reservoir engineering to develop
coupled models of reaction, flow, and deformation, while
incorporating atmospheric science to assess hydrogen leakage
impacts and environmental science to evaluate water and land
use. Equally important are TEAs, policy frameworks, and social
engagement to ensure that geologic hydrogen development is
both feasible and publicly acceptable. This interdisciplinary
roadmap underscores that advances in geologic hydrogen will
not only depend on scientific discovery and technological
innovation, but also on coordinated efforts across disciplines
to address environmental risks, scalability, and societal needs.

8. Summary

Geologic hydrogen, including both natural and stimulated
hydrogen, holds promise as a scalable, low-cost, and low-
emission hydrogen supply. However, its development remains
in an early stage, facing substantial scientific and engineering
challenges across multiple scales and disciplines. Addressing
these challenges will require collaborative efforts that integrate
expertise from diverse research fields and industrial sectors.
This paper provides a comprehensive review of key aspects of
geologic hydrogen, including its resource potential, subsurface
dynamics, geophysical exploration, production techniques, and
pipeline transportation, while identifying critical gaps and
outlining directions for future research.

Geologic hydrogen resources hold immense potential due to
the global distribution of historical sampling sites and favor-
able geologic settings for hydrogen generation. The continuous
tectonic cycling of mafic and ultramafic rocks, together with
diverse hydrogen-generating geochemical pathways, indicates
the possibility of resource renewability. However, industrial-
scale extraction of geologic hydrogen faces considerable tech-
nical, economic, and societal barriers. Unlocking this resource
will require targeted investment, technological innovation, and
collaboration among governments, industry, and academia.

Key hydrogen generation mechanisms include deep-seated
sources, serpentinization, and radiolysis of water, each with
potential to contribute considerable resources. However, global
hydrogen generation rates remain uncertain and require
further investigation. Hydrogen migration mechanisms, such
as diffusion, advection, and bulk flow, are strongly influenced
by geologic features. Hydrogen accumulation depends on effec-
tive physical trapping, particularly the integrity of caprock
formations that act as seals.

Effective exploration and prospecting of geologic hydrogen
require integrating surface and subsurface techniques for compre-
hensive reservoir characterization and monitoring. Surface meth-
ods target hydrogen seepage detection, whereas subsurface
techniques provide detailed information on geologic formations,
supporting both the discovery of natural hydrogen reservoirs and
real-time monitoring of stimulated hydrogen systems. The inte-
gration of these data through machine learning and data fusion
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approaches can improve geologic models, enabling adaptive
exploration strategies for both natural and stimulated hydrogen.

Efficient geologic hydrogen production relies on optimizing
reaction conditions and utilizing advanced drilling and well
designs tailored to hydrogen and rock properties. Techniques
adapted from hydrocarbon and geothermal systems, such as
hydraulic fracturing and fluid injection, are potential tools for
geologic hydrogen extraction. Effective reservoir management,
along with the automation and digitization of field operations,
will be essential for sustainable and optimized production. How-
ever, geologic hydrogen production involves interconnected risks
across hydrogeologic, geomechanical, geochemical, and biogeo-
chemical domains, highlighting the need for interdisciplinary
research to develop robust risk management strategies.

Gaseous hydrogen pipelines offer a potential solution for
large-scale, long-distance transportation of geologic hydrogen.
While portions of existing natural gas infrastructure, such as
distribution pipelines and regulator stations, may be repur-
posed for hydrogen, geographic mismatches between geologic
hydrogen formations and natural gas transmission networks
limit retrofitting potential. Critical challenges such as hydrogen
embrittlement and leakage require further research and inno-
vation. Transportation economics is another key concern. High
construction costs, particularly for long-distance transmission
pipelines, and the economic sensitivity to hydrogen demand
complicate the design of pipeline networks. Policy incentives
and regulatory support may help reduce transportation costs
and facilitate geologic hydrogen infrastructure development.

Finally, this review proposes a research roadmap focused on
resource localization, hydrogen production and transportation, and
system-level assessments of environmental sustainability, eco-
nomic viability, and resource renewability for geologic hydrogen.
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